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This thesis presents experimental results and discussion regarding issues related to organic light-
emitting devices (OLEDs).  In particular, this thesis has three main focuses: the generation of 
white light from Förster transfer in blends of emissive polymer and methods used to 
characterize the efficiency of that transfer; low temperature, conformal, thin film encapsulation 
for organic devices; and the effect of a pulsed driving scheme on the lifetime of OLEDs.  In the 
first research focus, a method is proposed to measure the efficiency of Förster energy transfer.  
The efficiency of Förster transfer has previously been studied in biological systems, but this 
thesis presents a method which may be used for systems of semiconducting polymers.  In 
addition, this thesis presents a theoretical basis for comparing the efficiency of a Förster-blend-
based white light emitter to a similar emitter with no Förster energy transfer in order to show 
that white light generation from Förster transfer does, indeed, increase emission efficiency.  The 
latter two research efforts examine the effect of encapsulation and driving scheme on the 
growth rate of non-emissive dark regions in OLEDs and, as such, share similar experimental 
apparatus.  The formation and growth of non-emissive dark regions have been a persistent 
problem in OLED fabrication.  The results presented in this thesis show that the combination of 




Chapter 1  
Background and Introduction 
Introduction 
Lighting of all types account for about 22% of the nation’s energy consumption, or about 
8.2 quads (8.2 x 1015 BTUs).  Within that and as shown in Figure 1-1, commercial and 
residential lighting account for almost 80% of the energy consumed by lighting, with 
industrial and outdoor stationary lighting taking up the remaining portion.  Incandescent 
bulbs have an energy conversion efficiency of 10% (90% going to heat) and a luminous 
efficiency of 13-20 lm/W while fluorescent bulbs have a conversion efficiency of about 
70% and luminous efficiency of 90 lm/W (1). 
The Department of Energy (DoE) has identified end-user lighting technologies as one of 
the least efficient energy conversion processes in modern buildings.  Upwards of 58 
billion dollars are spent annually on lighting alone.  As such, end-user residential and 
commercial lighting is an area in which the aggressive pursuit of higher efficiency will 
yield considerable economic and environmental advantages.  Towards this end, the DoE 
has committed to a number of technical objectives in its partnerships with industry and 
academia, including the development and demonstration of energy-efficient, high-
quality, long lasting lighting solutions which, by the year 2025, should have the capacity 
2 
of fulfilling end-user demands using 50% less electricity than those lighting technologies 
in 2005.  
 
Figure 1-1: Lighting energy consumption borken down by sector. 
A major area of interest, then, is the development of solid-state lighting applications, 
specifically organic solid-state lighting (OSSL).  OSSL is an attractive technology for solid 
state lighting applications.  Organic light-emitting devices (OLEDs) offer a number of 
advantages, including ease of production, fast response time, high luminance, 
lambertian emission (wide viewing angle), low operating voltage, emission colors across 
the entire visible spectrum.  In 2007, the DoE funded projects in the Building 
Technologies Program for OLEDs totaling more than 36 million dollars.  Funded research 
institutions included universities, corporations and national laboratories. 
The success of this effort is largely dependent on technical advances made in OLED 
research.  The DoE has set forth a roadmap of expectations for future devices.  OLEDs 
should have a luminous efficiency of 120 lm/W for commercial applications and a 
luminance of 850 cd/m2.  The cap of 850 cd/m2 is required by the lighting industry so to 
reduce glare of the lighting element off of the room work surfaces.  In addition, OLEDs 




The first white OLED was produced by Junji Kido and his colleagues in 1993 (2).  The Kido 
group doped a hole-transporting layer of poly(N-vinylcarbazole) with orange, green and 
blue fluorescent dyes to produce white emission.  The device was successful in that 
sense, but it had an efficiency of less than 1 lm/W.  Since that first effort, rapid progress 
has been made in increasing the efficiency of white OLEDs as can be seen in Figure 1-2.  
In June of 2007, Universal Display Corporation reported a white-emitting OLED with 
record efficiency of 45 lm/W at 1000 cd/m2 (3).  This device, demonstrated at the 2007 
SID conference, exhibits a lifetime in excess of 4000 hours at 1000 cd/m2. 
 
Figure 1-2: Rapid efficiency increases in white OLEDs shown in reference to inorganic LED progress. 
The methods of generating white light can be generally classified in to two categories: 
(a) wavelength conversion and (b) color mixing.  In wavelength conversion, the emission 
from a blue or ultraviolet OLED is absorbed by one or more phosphors.  The combined 
emission of the OLED and the phosphors creates a broad spectrum appearing white.   
4 
Color mixing is, however, the more common technique for generating white light in 
OLED design.  There are a number of color mixing techniques, all characterized by 
having multiple emitters in a single device.  Some of the most common techniques are 
multi-layer structures of green, red, and blue emitters (4) (5) (6); energy transfer blends 
comprised of a blue donor and red/orange acceptor (7) (8); bimolecular complex 
emitters which produce exciplex and excimer states to broaden the emission (9) (10); 
microcavity structures which tune the final emission via deconstructive interference 
(11); multi-pixel structures which combine multiple emissive regions in to a single 
structure (12); and doping of a single emission layer with multiple emitters (2) (13) (14). 
Despite the multitude of viable methods for generating white illumination from organic 
devices, all to date degrade at a rate faster than is acceptable for commercial 
application.  As such, lifetime issues are a major area of research within the broader 
OLED technological community. 
Lifetime 
Incandescent bulbs have a lifetime of 750-2500 hours, while fluorescent lamps have a 
lifetime in excess of 20,000 hours.  In order to meet the needs of next generation 
lighting applications, OLEDs are expected to match the minimum lifetimes of current 
fluorescent lamps.  However, the commercial viability of OLEDs is hampered by their 
relatively short usable lifetime, as compared to their inorganic counterparts (15).  In 
addition, polymer-based devices have a much shorter usable lifetime than small 
molecule-based devices.  The factors which affect OLED lifetime can broadly be 
classified in to two groups: intrinsic and extrinsic. 
5 
 Intrinsic factors are those that, over time, diminish the emissive material’s quantum 
efficiency.  This can be, but is not limited to, chemical reactions along the polymer chain, 
ion migration in to the emissive layer or aggregate formation.  Extrinsic factors arise 
from a deterioration of the device due to normal use.  Among the effects of extrinsic 
deterioration, it is often observed that non-emissive spots appear within the device 
area.  These “dark spots” begin small, but grow with time, reducing the emissive area of 
the device and, consequently, the total luminance.  The area affected by this 
phenomenon grows linearly with time.  The factors affecting the rate of growth have 
been a subject of ongoing investigation.   
The focus of these investigation has been on the cathode/organic interface where it is 
understood that the diffusion of oxidizing agents cause irreversible damage to the 
device structure at this interface.  Reactive metals, such as Mg, Ca, and Li are often used 
as a cathode material because their low workfunctions align well with the LUMO of the 
organic layers below, promoting efficiency electron injection in to the device.  The high 
chemical reactivity of these materials, though, leaves the electrode highly susceptible to 
oxidation by atmospheric oxidants, such as oxygen and water vapor, which diffuse 
though defects in the electrode capping layer or through the organic layers below. 
The oxidation of the reactive cathode alters the conductivity of the affected region and, 
in some cases, results in severe morphological changes in the metal film which 
ultimately result in cathode delamination from the organic film.   
In devices utilizing poly(phenylene vinylene) (PPV) derivatives as the emission layer and 
a Ca/Ag cathode, Lim et. al. confirmed that dark spot formation was the result of 
6 
pinhole defects in the protective layer and, furthermore, that that the rate of dark spot 
growth was governed by the size of these pinholes (16).  They did this by purposely 
adding silica particles of known sizes to the PEDOT layer and observing the growth rate 
of individual dark spots.  In these experiments, the total dark area grows at a linear rate, 
even after individual dark regions begin to grow together.  This suggests that dark spot 
growth is a function solely of the number and size of the pinholes (17).  Theoretical 
models which link dark spot growth to the diffusion of oxygen and moisture show good 
agreement with this group’s experimental data (18). 
In addition to atmospheric oxidants diffusing down through defects in the capping 
layers, Nagai has shown that moisture diffusion can originate from particulate 
contaminants at the anode surface (19) (20).  In these studies, Nagai shows that residual 
moisture from contaminants left on the anode diffuses through the organic layers and 
reacts at the organic cathode interface. 
McElvain et. al. reported that for devices utilizing an Alq3 emissive layer and Mg/Ag 
cathode, the material cause of non-emissive regions was delamination of the cathode 
from the organic layer (21).  This assertion is based on the observation that the adhesion 
between Alq3 and Mg is very poor, and when the Mg is removed by tape, very little Alq3 
remains on the Mg in regions where dark spots occurred.   
Liew et. al. also confirmed the relationship between cathode delamination and dark 
spot growth but also demonstrated that if the cathode material over the affected area 
were removed and a fresh cathode was redeposited, the region would subsequently 
emit light under applied bias (22) with no apparent dark spots.  This shows that the 
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emissive layer is not affected by the delamination process and that dark spot formation 
is an extrinsic factor only. 
Kolosov et. al. point out the lack of experimental evidence supporting the delamination 
theory of dark-spot growth (23).  AFM studies of dark regions reveal that “dome-like” 
structures or “bubbles”, reported elsewhere (21) (24) (25) are not necessarily (and often 
not) associated with dark regions.  They propose and alternative explanation for dark 
sport growth.  The diffusion of water and moisture through pinholes, cracks and grain 
boundaries forms an insulating region at the metal/organic boundary through oxidative 
reactions.  This process does not necessarily produce morphological changes in the film 
or delamination of the cathode.  They do acknowledge that delamination could be an 
explanation for dark spot formation and growth if the process results in morphological 
changes too small to be detected by AFM. 
One area of disagreement in these investigations is the role of applied field on the rate 
of dark spot growth.  McElvain et. al. posit (21) that dark spot growth is independent of 
applied bias based on the observation that the non-emissive areas of two Alq3-based 
devices with Mg/Ag cathodes, one stressed at 4.5V and one unstressed, were the same 
after both devices were exposed to the same atmospheric conditions for 40 hours.  A 
similar observation was also made by Kolosov et. al. (23). 
Lim et. al., however, report that the applied field has a strong effect on the growth rate 
of devices fabricated a PPV derivative as the emissive layer and a Ca/Ag cathode (26).  
They report an increase in rate of dark spot growth with increasing applied field.  A 
possible explanation for these contradictory findings is discussed in Chapter 7. 
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The addition of a thin (3-10nm) film of parylene between the ITO anode and the organic 
layers has also been shown to reduce the formation and growth rate of dark spots (27).  
Ke et. al. attribute this increase in device performance to better organic-organic 
adhesion with the HTL, increasing carrier injection efficiency.  Also, the parylene layer 
serves to smooth the ITO surface, reducing surface roughness.  A smooth ITO surface is 
linked to decreased occurance of dark spots as electrical shorts have also been 
proposed as sources for dark spot formation (28).  Liu et. al. have shown that a base 
etching process applied to ITO anodes will reduce the roughness of the electrode, thus 
reducing points of high electrical field, prone to produce electrical shorts (29).  Perhaps 
the most important advantage of a thin parylene layer, though, is that it retards the 
diffusion of oxygen and moisture from the ITO surface through the organic layer to the 
organic/cathode interface. 
Packaging 
These lifetime considerations have spurred interest in packaging technologies which are 
commensurate with OLED device structures and materials.  The lifetime of OLEDs suffers 
greatly when exposed to atmospheric oxidants such as moisture and oxygen.  
Techniques to eliminate or mitigate this caustic interaction are seen as a key technology 
for the maturation and commercialization of OLEDs.  As a first line of defense against 
the deleterious effects of atmospheric oxidants, many techniques have been developed 
to encapsulate the delicate devices using thin films of organic and inorganic materials.  
There is already a great deal of experience using combinations of organic and inorganic 
films as diffusion barriers in the beverage container and food packaging industry (30).  It 
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is estimated that the display and lighting industry will need device encapsulation 
barriers capable of reducing the water vapor transmission rate to 10-6 g/m2/day and the 
oxygen transmission rate to 10-5 cc(Atm.)/m2/day. 
Some of the first encapsulation methods for OLEDs were glass or metallic caps affixed to 
the OLED surface by epoxy resin (31) (32).  These methods and those similar to them 
have the drawback that the encapsulation is rigid and often thicker than the actual 
luminescent device.  This is an issue when trying to fabricate lightweight displays on 
flexible substrates.  In response, many researchers have adopted thin film techniques to 
replace the rigid approach.   
Methods of deposition can vary widely.  Organic films can simply be spin cast or 
evaporated (33).  Photo-curable nanocomposite resins can be applied to device surfaces 
using a sol-gel tequnique (34).  One of the first single organic layers to be used as an 
OLED encapsulant is deposited by a physical chemical vapor technique.  Parylene, a 
simple, non-damaging and conformal organic thin film is employed by Yamashita et. al. 
(35)  They found that a film of approximately 1.2 m was sufficient to extend the lifetime 
of an encapsulated device to over four times that of an unencapsulated device. 
Inorganic deposition techniques commensurate with organic substrates are also 
numerous.  Atomic layer deposition (36) (37) has been used with success, though 
researcher report that its low deposition rate may inhibit its applicability.  Sputtering of 
thin dielectric films has also shown promise (33) (38), but these films also tend to have 
high pinhole density. 
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Combinations of organic and inorganic films are also of interest in this regard as the 
addition of organic films can “fill in” the pinholes of imperfect films.  Chwang et. al. 
demonstrated that a multilayer coating of alternating layers of Al2O3 (deposited by 
sputtering) and polyacrylate (deposited by flash evaporation followed by UV curing), 
with a total thickness of 5-7 m, was feasible and shows an improvement in lifetime of 
slightly more than 4 times that of an unencapsulated device (33).  They were also able 
to show that thin film encapsulation can be applied to flexible substrates.  Displays 
encapsulated via this method were able to be flexed around a 1in. tube more than 100 
times without damage to the device. 
Further increases in device lifetime were made by Wu et. al. by further combining 
polyimide, titanium nitride and stainless-steel foil films in to a hybrid encapsulation 
scheme (39).  Using this hybrid method, the lifetime of an Alq3-based device was 
increased over 25 times. 
Plasma-enhanced chemical vapor deposition (PECVD) shows much promise in this area.  
PECVD has the potential of dense, pinhole-free and conformal thin films in a variety of 
materials.  Rosink et. al. have shown that alternating layers of PECVD-deposited silicon 
oxide and silicon nitride can reduce the water vapor transmission rate to 3 x 10-5 
g/m2/day (40).  In addition, they found that with the addition of a polymeric top coat, 
the water vapor transmission rate can be lowered further to 3.6 x 10-6 g/m2/day.  In 
these test they found that the top coat helped in sealing particulate contamination in to 
the encapsulation layer, preventing the formation of large gaps in the barrier from 
particles becoming dislodged.  
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Organization of Thesis 
Chapter 2:  This chapter will detail the method used to characterize organic polymer 
materials by electrochemistry.  The cost commonly used electrochemical technique is 
cyclic voltammetry (CV).  We have found that AC voltammetry (ACV) is a much less 
ambiguous means of determining energy states in polymers than CV.  We describe the 
ACV method, and its advantages here.  Results from this method were published in two 
referenced in IEEE Transactions on Electron Devices (41) (42). 
Chapter 3: In this chapter, we present a method for characterizing the absolute PL 
quantum efficiency of thin organic films.  This novel approach uses spectroscopic 
techniques to correct for self-absorption and scattering.  A detailed uncertainty analysis 
is also presented.  This method was published in review of Scientific Instruments (43). 
Chapter 4: This chapter gives details on the method and materials used to fabricate and 
characterize the OLEDs made during this work.  The techniques described in this chapter 
were used in fabrication for devices presented in IEEE Transactions on Electron Devices 
(42). 
Chapter 5: This chapter explains the Förster energy transfer process and details the 
methods used to fabricate white-emitting OLEDs.  Two blend systems are discussed.  In 
the first system, Förster energy transfer is the sole color mixing technique observed.  A 
method for measuring the efficiency of this energy transfer is discussed and results are 
presented.  Methods and results regarding this system have been submitted for 
publication in Synthetic Metals.  In the second system, an interesting phenomenon is 
observed as white light is generated by two distinct color mixing techniques: Förster 
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energy transfer and exciplex emission.  Analysis of this system was submitted for 
publication in Applied Physics Letters.   
Chapter 6: This chapters details efforts to produce thin films encapsulation structures 
for OLEDs.  Several thin films deposition techniques are discussed including low 
temperature plasma-enhanced chemical vapor deposition, sputtering, and physical 
vapor deposition of organic films.  The unique difficulties of encapsulating organic 
devices are discussed and results are presented. 
Chapter 7: The effect of pulsed driving techniques on the lifetime of OLEDs is discussed 
and results are presented.  The combination of encapsulation and pulsed driving is 
shown to be the superior method of extending OLED lifetime.  Results from these 
studies have been submitted to IEEE Display Technology. 
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Chapter 2  
Electrochemical Characterization of 
Organic Materials 
Introduction: AC voltammetry 
Alternating Current Voltammetry (ACV) is an electrochemical technique used to study 
the reduction-oxidation systems of molecules (1) (2).  Recently, it has also been used by 
Creager et. al. to study electroactive monolayers (3).  Brevnov et. al. have used  ACV to 
determine the chain length dependence of electron transfer kinetics between gold bead 
electrodes and ruthenium redox centers attached to an electrode surface via short 
alkanethiols (4).  Little work has been done, though, to apply ACV to the task of 
estimating highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) values for organic thin-film materials used in different devices.  
The more widely adopted technique for this task, cyclic voltammetry (CV), has been 
used with great success for the purpose of constructing energy band diagrams of 
organic devices, such as polymeric light-emitting devices (PLEDs) (5) (6) (7) (8) (9) and 
organic thin film transistors (TFTs) (10) (11).  There are drawbacks to this method, 
though.  For example, CV measurements register reduction and oxidation current from 
non-reversible as well as reversible chemical reactions.  Since conduction in an electrical 
device requires the continuous, sequential addition and subtraction of an electron to 
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and from an orbital, it is important to distinguish reversible current – involving 
molecular orbitals wherein an electron can be added and removed many times – from 
non-reversible current – where the addition or removal of an electron results in a 
permanent chemical change, altering the conductivity of the molecule at this orbital’s 
energy level.  Thus, CV voltammograms, which include both types of current, are 
problematic for device design because current resulting in non-reversible reactions is 
not indicative of a reliable conduction pathway for a properly functioning device.  In 
addition, the interpretation of CV curves for materials with redox reactions which are 
not completely reversible can lead to ambiguous results, especially for materials which 
have multiple redox reactions in a narrow potential region.   
In both of these respects, ACV offers a less ambiguous response signal than CV because 
it is only sensitive to reversible redox reactions (12).  Since every data point is the 
average AC current over a user-defined integration time, a strong signal is indicative of a 
reduction/oxidation (redox) reaction which can be repeated – a quality necessary for 
electrical conduction.  In other words, ACV requires the repeated addition and removal 
of a carrier before a signal is registered, which more closely mirrors the actual function 
of a molecule during device operation. 
As will be seen below, ACV can provide a simpler and less ambiguous means of 
obtaining critical material parameters, such as HOMO and LUMO levels and, when used 
in conjunction with CV, can indicate  
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Electrochemical Instrumentation and Operation 
Electrochemical measurements were performed using a CH Instruments 660a 
Electrochemical Workstation.  A generalized schematic of a three-electrode cell 
consisted of a glassy carbon working electrode, a platinum counter electrode, and a 
Ag/Ag+ reference electrode is depicted in Figure 2-1.  The workstation’s potentiostat 
controls the cell by adjusting the applied voltage (Va) across the working and counter 
electrode until the desired potential difference between the working and reference 
electrode (Vm) is reached.  Current induced by the mass transfer of ions to the surface of 
the working and counter electrodes is registered and recorded by the workstation as the 
measurement signal.   
 
Figure 2-1. Three electrode electrochemistry cell with glassy carbon working electrode, Ag/Ag+ reference electrode 
and platinum counter electrode.  All electrode potentials are controlled by a potentiostat. 
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Figure 2-2 shows the energy diagram of a cell in which the working electrode has been 
modified, via dip casting, with a thin, organic film.  The majority of the potential 
between the working and counter electrode is dropped within a very short distance 
from the two electrode surfaces.  Ideally, there is no drop in potential within the 
electrolyte solution, but in reality, the solution has some resistance, hence some 
potential drop within the solution bulk, albeit small.  The electrochemical activity of 
interest occurs close to the surface of the working electrode.  The counter material 
(platinum) is chosen such that the potential drop near its surface remains relatively 
constant with a change in current, so not to confound the measurement results.   
 
Figure 2-2. This diagram shows the cell with a sufficiently negative bias (a) to reduce the polymer films and a 
sufficiently positive bias (b) to oxidize the films.  The dashed line indicates the potential across the cell.  The 
potential is flat in the electrolytic solution because it is assumed that the cell has zero resistance. 
In the absence of a reference electrode, the application of a voltage across the working 
and counter electrode is not an ideal control scheme.  What is of interest to 
electrochemical measurements is the potential difference near the working electrode 
surface, directly across the film, not across the entire cell.  The addition of a reference 
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electrode allows the potentiostat to sample the potential difference between the 
working electrode and the electrolyte solution by measuring the potential difference 
between the working and reference electrode (Vm).  The reference electrode must be a 
well-studied redox reaction which provides a constant potential (E0) versus a “zero 
potential” standard.  Vm is measured in reference to E
0 of the reference electrode.  The 
standard electrode potential of the Ag/Ag+ couple in a non-aqueous AgNO3/MeCN 
solution, used in these studies, is 0.5412 V (12) (13) with respect to the Standard 
Hydrogen Electrode (SHE) reference, chosen to be the “zero potential”.  No current 
flows through the reference electrode during measurement.  Instead, cell current (C) 
returns to the potentiostat via the counter electrode and is recorded as a function of Vm.  
It should be noted that there is no electron transfer between the electrolyte solution 
and the counter electrode.  The potential across the cell increases the concentration of 
one polarity of ions near the electrode surface, inducing current in the system. 
When the applied potential is sufficient to raise or lower the Fermi energy of the 
working electrode to align with the HOMO or LUMO of the polymer film, charge transfer 
from the electrode to the film occurs and the film is reduced or oxidize (depending on 
the polarity of the applied potential).  The buildup of charge within the film induces 
mass transfer of ions in the electrolyte solution, and the resulting current is recorded. 
In the measurements that follow, the supporting electrolyte was tetrabutylammonium 
hexafluorophosphate (TBAPF6) in dry acetonitrile (MeCN) at a concentration of 0.1 M.  
The reference electrode is a silver wire in a 0.01 M solution of Silver Nitrate (AgNO3) in 
dry MeCN which sets up the equilibrium reaction eAgAg .  The supporting 
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electrolyte solution was bubbled with nitrogen for several minutes to remove dissolved 
oxygen before measurements were taken.  The working electrode was modified by dip 
casting in the organic solution and dried in air.   
Both CV and ACV measurements were taken and a depiction of the potential sweeps of 
each is shown in Figure 2-3.  CV involves scanning the potential across the polymer film 
at a constant rate from a starting potential to an end, and then returning to the start.  In 
ACV, a small sinusoidal signal is superimposed over a constant sweep from a start 
potential to and end.  At each sample point, the AC current is measured and recorded.  
CV scans were performed at a scan speed of 0.1 V/s and ACV scans were performed at 
100Hz with a 1 second integration time.  In both cases, the reduction and oxidation 
scans were done separately.   
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Figure 2-3. Comparison of Cyclic voltammetry and AC voltammetry.  Cyclic voltammetry scan the constant potential 
from a start (S) to an end (E) potential and then back to S at a given rate.  AC voltammetry superimposes a small 
sinusoidal signal on a DC sweep. 
Ferrocene/Ferrocenium Standard 
Figure 2-4 (a) shows the CV curve for the fully reversible redox reaction of 
ferrocene/ferrocenium (FOC).  FOC is an instructive example since it has a well defined, 
reversible reaction that will allow for the comparison, discussed below, of ACV and CV 
curve features.  In the CV curve, when Vm reaches the onset of conduction at 0.27 V vs. 
Ag/Ag+, electrons begin to transfer from the ferrocene molecule to the electrode 
(oxidation).  The transfer of an electron marks the transition from the neutral 
(ferrocene) to the oxidized (ferrocenium) species of the molecule.  The current 



















species from the solution bulk to the electrode surface, and the current falls.  When, in 
the reverse direction, Vm reaches the onset of conduction at 0.4V vs. Ag/Ag
+, electrons 
begin to transfer to the oxidized molecules from the electrode (reduction), reverting the 
molecules back to the neutral form, until the process is, again, limited by mass transfer 
from the bulk solution to the electrode surface.  The separation between the peaks of 
the forward and reverse direction measurements is a result of the kinetics of this mass 
transfer process.  If the ferrocene molecules were confined to a small distance from the 
electrode surface (as is the case in organic films deposited on the electrode, such as the 
films described in later sections) we would expect the forward and reverse peaks to 
occur at the same potential. 
 
Figure 2-4. CV (a) and ACV (b) curves for a reversible redox reaction (ferrocene/ferrocenium).  The dashed line in (a) 
represents the difference between the forward and reverse scan currents for each sampled potential. 
In Figure 2-4 (b), the redox reaction is observed again, in this case using the ACV 
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and reduce with relative ease, resulting in a large sinusoidal current as electrons 
transfer between electrode and molecule.  This occurs when the Fermi level of the 
electrode is near a redox potential, E0, of the molecule.  Hence, at 0.34V vs. Ag/Ag+ 
where the peak of the ACV curve occurs, a relatively small change in voltage results in a 
large transfer of electrons between electrode and molecule, indicating the greatest 
alignment between the Fermi level of the electrode and the redox potential.   
While the sweep potential is on the rising (left) side of the ACV peak, the FOC 
concentration near the electrode surface is dominated by the neutral species.  
Conversely, on the falling (right) side of the peak, the FOC concentration is dominated 
by the oxidized species.  At the peak, the solution is in equilibrium with an equal 
concentration of neutral and oxidized molecules.  The magnitude of the peak AC current 
is determined by the user-defined amplitude of the sinusoidal signal as well as the mass 
transfer kinetics from the bulk solution to the electrode surface. 
Figure 2-4 also shows that the ACV curve for a completely reversible redox reaction fits 
very well, empirically, to a Gaussian peak.  In addition, some features of the ACV curve, 
such as the peak position and the general curve shape, can be reproduced from the CV 
curve by plotting the difference between the forward and reverse direction currents.  
This difference is represented by the dashed line in Figure 2-4 and shows a clear peak at 
0.335V vs. Ag/Ag+, very similar to the peak potential of the ACV curve.  For a completely 
reversible redox reaction, this should be expected.  Because the reaction does not 
permanently alter the chemical structure of FOC, the measured AC current in ACV is, 
essentially, the difference between the forward and reverse direction currents.  It 
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should be clear, then, that for FOC and for all completely reversible redox reactions, CV 
and ACV give very similar results for the task of determining redox potentials.  However, 
for redox reactions which are not completely reversible, like those discussed below, the 
ACV features cannot be reproduced in this manner and the parameters derived from 
ACV and CV begin to differ. 
Measurement of Organic Semiconductors 
As an example, the CV and ACV measurements of a polyfluorene-based red light-
emitting polymer (LEP) (14) are shown in Figure 2-5 (a) and (b), respectively.  In both 
curves, the oxidation of the neutral LEP is in the positive potential region and the 
reduction of the neutral species is in the negative potential region.  It should be noted 
that whereas Figure 2-4 depicted two species (ferrocene and ferrocinuim) with a single 
redox reaction, Figure 2-5 shows three species (the neutral, oxidized and reduced LEP) 
with several redox reactions.  We will generally refer to the oxidation and reduction of 
the neutral species only, unless noted otherwise. 
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Figure 2-5. CV (a) and ACV (b) curves for red light-emitting polymer.  The ACV curve was fitted to multiple Gaussian 
peaks in order to extract the estimated HOMO and LUMO potentials. 
The redox reactions shown in Figure 2-5 are not fully reversible.  This is readily apparent 
in the CV curve where the redox reaction current signals are not symmetrical.  This 
implies that in addition to the injection and extraction of electrons, the chemical 
makeup of the film is changing.  This is the case for all the PLED materials studied.  The 
ACV signal, by contrast is not sensitive to these non-reversible reactions and only shows 
the fully reversible portion of the reactions.  The electronically active regions of the ACV 
signal (cell AC current » 0) do not, however, resemble the single Gaussian peak as seen 
in the ACV curve for FOC.  This would indicate multiple redox reactions due to 
conformational variations, inter- and intra-chain interactions, impurities or several 
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reactions, it is reasonable to fit the distorted peaks to multiple Gaussian peaks as shown 
in Figure 2-5 (b). 
It is in this regard that the advantage of ACV in determining electrical properties of 
semiconducting organic materials becomes clear.  During normal operation of devices 
like OLEDs and OTFTs, current will induce both reversible and non-reversible redox 
reactions in the material.  ACV provides a clear characterization by distinguishing the 
reversible reactions, which are necessary for continued device operation, whereas CV 
makes no distinction between the two reactions.  The exclusive use of CV for the 
determination of HOMO and LUMO levels would introduce the possibility of mistaking a 
chemical change in the semiconducting film for an electronically significant charge 
transfer. 
HOMO and LUMO values are found from the ACV curve by taking the center position of 
the peak closest to 0 V vs Ag/Ag+ in the positive and negative potential regions, 
respectively.  The relevant oxidation and reduction peak positions of the ACV curve are 
at 1.2 V and -2.41 V, respectively.  This is in contrast to the practice in interpreting CV 
curves, where redox energies relevant to HOMO and LUMO determination are taken 
from the onsets of conduction for both oxidation and reduction (15).  Onset values are 
determined by extending the slope of a CV peak to a baseline, as shown in Figure 2-4 
and Figure 2-5.  It should be noted that onset values in ACV curves provide no useful 
information with respect to the redox reaction since onset values in the ACV curve are 
highly dependent on the magnitude of the sinusoidal signal: a user-defined parameter.  
The justification for using onset values is that they represent the potential at which 
28 
electrons begin to transfer in to or from the molecular film (16).  In the CV curve, the 
onsets of oxidation and reduction potentials are 1.25 V and -2.31 V, respectively. 
To relate these electrochemical potentials to vacuum level, thus obtaining the HOMO 
and LUMO energies, it is necessary to compare the film’s redox potentials to E0 of a 
known reference.  FOC is often used as a pseudo-reference because its redox potential 
with respect to vacuum level can be approximated.  Pommerehne et. al. have provided 
the value of  -4.8 eV versus vacuum (6).  The translation of Vm to energy with respect to 
vacuum level is done with the following equation: 
 (2-1) 
where VFOC is the measured Vm of the FOC redox reaction.  Thus, to perform this 
translation, a measurement of FOC must be made in addition to the semiconducting 
film.  This can be done by adding a small amount of FOC to the solution when measuring 
the film, or in a separate independent measurement. 
For the example show in Figure 2-5, the HOMO and LUMO levels as determined by ACV 
were -5.75 eV and -2.14 eV with an electrochemical gap of 3.61 eV.  The measured 
results determined from the CV measurement are -5.8 eV and -2.24 eV  for the HOMO 
and LUMO with an electrochemical energy gap of 3.56 eV. 
Comparing the results from ACV to CV, the difference in electrochemical energy gap and 
HOMO position is about 50 meV, but the difference in LUMO positions is about 100 
meV.  The consequence, in terms of device design, is that the ACV method predicts a 
much higher barrier to electron injection and lower barrier to electron extraction at the 
cathode and anode electrode, respectively.  In this case, the estimated barrier to 
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electron injection decreases by 100 meV and the estimated barrier to electron 
extraction increases by 50 meV.  Therefore, the ACV method could predict a much lower 
concentration of free electrons in the light-emissive polymer due to the lower electron 
injection efficiency caused by the higher barrier, assuming that carriers are injected by 
tunneling from the metal electrode to the organic semiconductor.  At the same time, 
ACV predicts a higher concentration of holes.   
Table 2-1 summarizes the electrochemical measurements of several organic 
semiconductors.  Many of the materials were obtained from Dow Chemical and, while 
the general chemical structure is known, the specific differences among the several 
versions of the polymer were not communicated.  The materials PFAT 1, PFBTB 2, PFO-
POSS, and MEHPPV-POSS were used in studies of white emission from PLEDS fabricated 
from blends, discussed in 0.  F8BT is used in PLED lifetime studies, discussed in Chapter 6 
and Chapter 7.  The F8T2 series of polymers is used in organic thin-film transistors and is 











AC Voltammetry Cyclic Voltammetry 




PFAT 1* -5.61 -1.81 3.8 -5.87 -2.31 3.56 
PFAT 2* -5.57 -2 3.57 -5.69 -2.26 3.43 
poly(fluorene-co-
benzothiadizol) 
F8BT 1* -5.77 -2.1 3.67 -5.83 -2.19 3.64 
F8BT 2* -5.65 -1.99 3.66 -5.77 -2.35 3.42 




PFBTB 1* -5.95 -1.9 4.05 -5.93 -3.03 2.9 
PFBTB 2* -5.95 -1.85 4.1 -5.8 -2.26 3.54 




F8T2-08* -5.47 -2.36 3.11 -5.5 -2.8 2.7 
F8T2-18* -5.47 -2.3 3.17 -5.46 -2.36 3.1 
F8T2-22* -5.47 -2.35 3.12 -5.52 -2.52 3 
F8T2-24* -5.47 -2.35 3.12 -5.48 -2.53 2.95 
F8T2-25* -5.47 -2.33 3.14 -5.51 -2.53 2.98 
poly(9,9-dioctylfluorenyl-
2,7-diyl)-silsesquioxane 




MEHPPV-POSS -5 -2.48 2.52 -4.92 -2.55 2.37 
Table 2-1: Electrochemical results of semiconducting polymers and small molecules 
Conclusions 
While the use of cyclic voltammetry as a means of determining HOMO and LUMO values 
for semiconducting polymers is widespread, it may not be the most unambiguous 
means of determining electrically active molecular states.  By virtue of its insensitivity to 
non-reversible oxidation and reduction, AC voltammetry offers a more clear 
understanding of how polymers will behave when utilized in organic-based devices.  This 
is by virtue of the fact that the applied sinusoidal bias requires the repeated 
addition/removal of an electron to/from the molecule before a response is recorded.  
* Though the general chemical structure is known, the specific differences among the versions 
of this material were not communicated by the supplier.  
** LUMO values could not be determined by Cyclic Voltammetry 
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The repeated oxidation and reduction more closely mimics the behavior of active layers 
in organic devices.  The difference between the two methods is non-trivial as the 
difference between ACV- and CV-estimated HOMO-LUMO gaps can be on the order of 
several hundred meV. 
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Chapter 3  
PL Quantum Efficiency of Polymer 
Thin Films 
Introduction 
Photoluminescence studies monitor the electronic decay of photo-excited molecules.  
The photo-excited molecule can decay via either radiative or non-radiative processes  
(1) (2) (3).  To quantify the characteristic ratio of radiative process of a molecule, it is 
useful to define a number called the photoluminescence quantum efficiency ( ), 
which is the ratio of the emitted photons to the absorbed photons (4) (5).  The  of a 
compound in a solution is usually determined by comparing it to a standard solution.  
This method is valid only if the emission and absorption ratios of the standard to the 
sample can be accurately determined and, for thin films, such a condition is not easily 
met.  The anisotropic films produced by spin casting typically result in angular emission 
patterns that differ from the standard solution.  In addition, accurate determination of 
the reflectance of a highly scattering thin film may not be possible (4) (5).  These issues 
can be resolved by employing an integrating sphere-based detection system, wherein 
the integrating sphere spatially integrates all radiant flux entering and produced within 
it.  The procedure outlined below is used to determine absolute quantum efficiency in 
polymer thin film samples.   
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Figure 3-1 shows the photoluminescence quantum efficiency measurements system: an 
excitation light source with a spectral emission of  and a detection system with a 
spectral response of .  The excitation light source contains a Hg/Xe lamp, 
monochomator and the requisite optics to maximize light throughput while protecting 
the monochromator gratings from infrared emissions from the lamp.  A typical beam 
entering the integrating sphere has an excitation energy of 0.15 – 0.3 mW.   
describes the final output of the excitation system at the entrance port of the 
integrating sphere and is the result the spectral responses of all the optical components 
including the lamp, the columnating optics, the monochomator and the fiber optics. 
 
Figure 3-1: Measurement setup for photoluminescent quantum efficiency measurements 
The detection system consists of an integrating sphere, monochomator, detector and 
supporting optics.  In the system shown in Figure 3-1, either a silicon photodiode or CCD 
can be used, but only the silicon photodiode was used to obtain the results reported in 
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this note.  During measurement, the sample is typically mounted in the center of the 
sphere, but can be moved about the interior.  For any photon flux, , entering or 
generated within the integrating sphere, the spectral response measured by the 
photodiode or CCD, , to the excitation is the result of a simple geometric response 
of the detector, : 
 (3-1) 
Broadly speaking, determination of PL quantum efficiency follows the following 
procedure: calibration of the system, measurement of the excitation flux, measurement 
of the excitation absorption and sample emission and finally correction for sample self-
absorption. 
Calibrating the system 
Calibration of the detection system and determination of the response function,  
proceeds with a NIST traceable tungsten lamp (OL220C from Optronics Labs) with a 
known spectral irradiance at 50 cm given in   as shown in Figure 3-2.  
The known irradiance over the area of the sphere entrance, , can be  converted 
to photon flux entering the sphere by the relation: 
 
(3-2) 
where  is the known spectral irradiance obtained from the lamp manufacturer, and 




Figure 3-2: Calibration setup for spectroradiometer 
We expose the sphere-based detection system to the emission of the standard lamp 
placed at 50 cm away from the surface of the entrance port of the sphere, through a 
precision aperture.  The measured spectrum represents the system response to the 
standard lamp.   is the ratio of the system response to the known photon flux: 
 (3-3) 
where  is the measured response in units of .  The units of the 
detection response are then , allowing for the proper conversion of 
units when this term is used to calibrate collected spectra.  The relative uncertainty of 





where  is the relative uncertainty (type A analysis) of the measured spectrum, 
and  and  are the systematic relative uncertainties (discussed 
below) for the standard spectral irradiance lamp and the detection system, respectively. 
Figure 3-3 shows the calibration curve of the detection system and the relative 
uncertainty associated with it.  The U-shape of the calibration curve is mainly 
contributed from the spectral variation of the blazed grating. According to an 
approximation to the grating equation, for blazed gratings the strength of a signal is 
reduced by 50% at two thirds the blaze wavelength and 1.8 times the blaze wavelength 
(6).  Since the employed grating (with a groove density of 600 grooves/mm) has a blaze 
wavelength of 500 nm, its usable range is from 333 nm to 1000 nm. Therefore, the 
calibration factors are valid only within this spectral region of this grating. It should also 
be noted that the spectral responsivity of a standard silicon detector drops below 0.1 
A/W at a wavelength shorter than 400 nm.  The high relative uncertainty for 
wavelengths below 400nm is due to a combination of the silicon detector responsivity 
and low intensity levels from the standard lamp in that wavelength range. 
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Figure 3-3: Calibration factor (inverse of the detection system response) plotted with its relative uncertainty 
The photon flux of any excitation, either entering the sphere or generated within the 








where  is the relative uncertainty (from a type A analysis) of the measured sample, 
 is the relative uncertainty for the detector responsivity and  is the 
relative uncertainty for the systematic errors, which depend on the specific 







































































Measuring the input flux 
Once the detection system is calibrated, the output of the excitation system is 
connected to the entrance of the integrating sphere and the total photon flux of the 
excitation light entering the sphere, , is characterized.  The lamp is first allowed to 
warm up for at least 60 minutes prior to measurement to minimize uncertainty in short 
term repeatability.   is determined by shining the excitation light against the sphere 
wall and integrating the calibrated measured response over the wavelength range of the 
excitation, , to find the total number of photons emitting in that region.  Hence, the 
total number of photons entering the sphere, , is found by: 
 
(3-7) 
where  is the photon flux of the excitation system in to the integrating sphere 
and is found by applying equation (3-5.  The relative uncertainty of  is found, again 
through the law of propagating uncertainty, by: 
 
(3-8) 
Measuring the Sample Emission 
The emission spectrum of the sample and the absorbed excitation flux are characterized 
in a second measurement in which the sample is placed in the integrating sphere and 
directly illuminated by the excitation flux.  The sample holder was designed in a way 
such that the light reflecting from a mounted sample will reflect away from the entrance 
and detection ports.  The complete excitation as collected by the detector, , is the 
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sum of the unabsorbed excitation light,  and the emission light, , less the emission 




with a relative uncertainty defined similarly to equation(3-8): 
 
(3-10) 
Self Absorption Correction 
Before quantifying the total emitted flux, , we must correct for self absorption of the 
sample.  In sphere-based measurement systems, self absorption refers to the emitted 
flux of the test sample which bounces off the inner wall of the sphere and is, 
subsequently, reabsorbed by the sample.  The major consequence of self absorption is 
that the total radiant flux, as measured, is less than the actual flux of the sample 
emission.  Since the Stokes shift of emissive polymers is generally small, self absorption 
can be a significant source of error in sphere-based quantum efficiency measurements.  
Correcting for self absorption is a typical procedure in the characterization of the total 
luminous flux of broadband lamps and it is useful to critique the application of that 
correction procedure to the case of photo luminescent polymer thin films. 
In the characterization of broadband lamps, the typical method for finding the 
correction factor for self absorption uses a calibrated auxiliary lamp mounted inside the 
integrating sphere (8).  The luminous flux of the auxiliary lamp is measured by a 
42 
photopic photo-diode with and without the test lamp inside the sphere and the ratio of 
these values is the self-absorption correction factor.  The auxiliary lamp is chosen such 
that its emission is similar to that of the test lamp.  Hence, the absorption by the test 
lamp of the auxiliary flux will be comparable to the test lamp’s self absorption, with a 
small error factor.  A system such as this, which measures total luminous flux, has a 
correction factor of a single value representing the correction over the entire emissive 
band of the lamp.  For a sphere-based spectroscopic radiometer (as is used in the 
procedure described in this chapter) the correction factor would be a function of 
wavelength.  The purpose of a spectroscopic correction factor is to adjust the relative 
emission intensities, per wavelength, of a measured spectrum which exhibits self 
absorption to that of a theoretical spectrum which does not exhibit self absorption. 
However, even if the photopic detector of the broadband lamp setup is replaced with 
the spectroscopic radiometer, the auxiliary lamp method is not suitable for luminescent 
polymer thin film samples for two reasons.  First, polymer thin films are highly 
wavelength selective in emission and absorption.  The wavelength region over which 
self absorption is at issue is a small band where the emission and absorption of the thin 
film overlap.  Flux from a broadband auxiliary lamp would be subject to absorption 
across the entire absorption band, not just the region of absorption-emission overlap.  
Secondly, the absorbed photons from the broadband auxiliary lamp will excite the 
polymer film, inducing photoluminescence.  The emitted higher wavelength photons will 
distort the correction factor over the emissive wavelength region. 
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Figure 3-4: Self absorption setup for measuring the sample outside the sphere.  Measuring the sample inside the 
sphere makes use of the normal measurement setup described above 
To correct for self absorption in sphere-based PL quantum efficiency measurements, a 
comparison of the spectrum envelopes with and without self-absorption is made.  To 
measure the emissive spectrum of the sample without the effect of self absorption, the 
sample is removed from the integrating sphere and placed outside, at the entrance of 
the sphere as shown in Figure 3-4.  When illuminated by the excitation system, a portion 
of the emitted spectrum enters the sphere and is incident on the sphere walls.  The 
remaining emitted light travels away from the opening of the sphere and has a 
negligible chance of bouncing off the lab walls and entering the sphere.  The light 
entering the sphere is measured without the effect of self absorption, since any emitted 
light incident on the thin film sample and partially reabsorbed does so while exiting the 
sphere and, hence, is not collected by the detector.  The result of this measurement is 
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an unadulterated envelope of the emission spectrum, albeit at a much lower intensity 
than would be measured if the sample were positioned directly in front of the detector. 
It is important, however, to perform this measurement with the integrating sphere so 
that the spectral response of the system in this measurement matches that of the 
calibration function. 
The sample is then placed in the sphere and a repeat measurement is made.  It should 
be clear that this measurement will be subject to the effects of self absorption whereas 
the first was not.  The two spectra are normalized over a spectral range where self-
absorption is expected to be minimal (i.e. longer wavelengths) and the correction factor 
is found by:  
 (3-11) 
where  is the normalized photon flux with the sample out of the integrating 
sphere, and  is the normalized photon flux with the sample inside the sphere.  
The relative uncertainty of the correction factor is found by: 
 
(3-12) 
where   and  are the relative uncertainties for the two measurements 
described above. 
Figure 3-5 shows the result of correcting for self absorption on a thin film of MEH-PPV-
POSS as well as the correction factor.  The correction factor is taken as a function of 
wavelength so that it can be applied selectively to the wavelength range of the sample 




where  is the wavelength range of the sample emission and  is the 
photon flux of the remaining excitation flux and the sample emission.   
 
Figure 3-5: Effect of self absorption correction on the photoluminescent emission spectrum of MEH-PPV-POSS 
Quantum Efficiency Measurement 
When a sample is excited within the integrating sphere, a fraction, A, of excitation 
photons is absorbed by the sample upon first incidence. Therefore, the absorbed 
photons contribute to an  amount of the emission spectrum. As for the 
unabsorbed photons, , the spherical geometry and diffuse reflective property 
of the sphere reflection from the sphere wall result in isotropic illumination of the 
sample regardless of the sample’s position within the sphere.  Thus, a fixed fraction, , 
of the reflected excitation is absorbed by the sample.  Secondary absorbed photons 
then contribute to an   amount of the emission spectrum in the 
 


















































wavelength range of .  Tertiary and higher order absorption can be effectively 
ignored as the emissions from these orders are well below the detection limit of our 
system.  The remaining unabsorbed photons ( ) will contribute to the resulting 
spectrum in the same way as the first measurement.  The total number of photons 
absorbed ( ) is the difference between the total number of photons 
entering the sphere and the number of photons not absorbed by the sample: .  
With the corrected emission, , the PL quantum efficiency can be found by: 
 (3-14) 
The relative uncertainty for this measurement, ,  follows from the law of 
propagating uncertainty (9): 
 
(3-15) 
where ,  and  are the relative uncertainties in excitation flux, unabsorbed 
photons and emission flux, respectively. 
Measurement Uncertainty 
The uncertainties of this measurement procedure arise from four main sources: The 
standard lamp and calibration, the detection system, the excitation system used to 
generate photoluminescence, and the sample itself.  An uncertainty budget is shown in 
Table 3-1.   
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Excitation Lamp Stability 0.5% 
Standard Lamp 0.32% 
 Alignment and distance 0.07% 
 Field Stability 0.31% 
 Input Aperture 0.002% 
 Spatial uniformity 0.01% 
Detector 1.01% 
 Photometer temperature 0.01% 
 Sphere reflectance uniformity 1.0% 
 Monochromator linearity 0.04% 
 Detector Sensitivity uniformity 0.1% 
 Light Leak 0.1% 
Sample Self-Absorption 1.0% 
Table 3-1: Uncertainty Budget for PL quantum efficiency measurement system 
 
The alignment of the standard spectral irradiance and its distance from the entrance of 
the integrating sphere are fixed to a relative uncertainty of 0.07% based on the 
specifications of optical bench and mount.  During calibration, the entrance of the 
integrating sphere is fitted with a precision aperture with a relative uncertainty of 
0.002%.  The NIST traceable spectral irradiance standard was calibrated, covering the 
spectral regions of 200 to 2500 nm with a typical relative uncertainty in field stability of 
0.31% in the visible range and 0.78% in the IR region (10).  Since we use a standard 
spectral irradiance standard to calibrate a system to measure total spectral radiance, 
the spatial uniformity of the standard must be taken in to consideration.  At 50cm along 
the axis of the lamp, the OL220C, by manufacturer specifications, has a relative 
uncertainty in spatial uniformity of 0.01%.  The combined relative uncertainty for the 
spectral irradiance standard is 0.32%. 
In the detection system, the non-uniform spatial emissions of the thin film sample and 
the excitation light lead to errors as a result from sphere reflectance non-uniformity.  
For a spatially uniform emission within the sphere, the sphere reflectance non-
uniformity is quite low – the design of the sphere ensures that the intensity of light at 
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any point on the sphere wall is the same as any other point.  When there is a strong 
spatial bias to the emission, as is the case for a beam of photons entering the sphere 
(such as the described excitation system), or for the case of anisotropic, emissive thin 
films, the spatial non-uniformity creates areas of the sphere wall which deviate from the 
mean illumination, leading to errors in measurement.  In polymer thin films, where 
anisotropy cannot be easily predicted or repeated, correction for this non-uniformity is 
not possible.  Uncertainty from the anisotropy of the sample can be characterized, 
though, by making repeat measurements with the sample rotated axially between 
measurements.  The directionality of the excitation light, though, is the main source of 
uncertainty in spatial uniformity.  While the input optics diffuse the excitation light so to 
diminish this uncertainty, we estimate the maximum relative uncertainty in uniformity 
for our measurements at 1%.   
Spectral mismatch errors are generally not an issue when measuring total spectral 
radiant flux (11).  However, monochromator linearity, light leakage and detector 
sensitivity uniformity were determined during manufacturer calibration of the 
instrumentation to be no greater than 0.04%, 0.01%, 0.1%, respectively, over the visible 
range.  In our experimental setup, the detector is positioned away from the incident 
light.  As a consequence, the main source of temperature instability comes from heating 
of the sphere wall, which is quite low.  This leads to an estimated relative uncertainty of 
0.01%.  The combined relative uncertainty for the detection system is no greater than 
1.01%. 
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During the normal procedure described above, the flux at the entrance port of the 
integrating sphere from the lamp-monochomator is characterized.  Hence, the relative 
uncertainties of the excitation system, are reduced to spectral field stability, which is 
estimated by the manufacturer to be 0.5% across the visible spectrum.  The primary 
source of uncertainty from the sample is self absorption of emitted photons.  We 
estimate the uncertainty of the self-absorption correction (described above) to be 1%. 
System Validation and Sample Measurement 
To validate the measurement setup, we measured the photoluminescence quantum 
efficiency of a 10-5M solution of rhodamine 6G in ethanol. We compared our data with 
results from literature. The reported  of rhodamine 6G in ethanol is 93-95% at a 
solution concentration of 10-5 M and an excitation wavelength of 492 nm (12) (13).  We 
measured the  of rhodamine 6G as 94.33 ± 3.02% (k = 2) which matches very well 
with accepted values. 
This measurement technique was applied to three polymers commonly used in organic 
electroluminescent devices, orange-emitting poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene) (MEHPPV-POSS), blue-emitting poly(9,9-dioctylfluorenyl-2,7-diyl) 
(PFO-POSS) and green-emitting poly(9,9’-dioctylfluorene-alt-benzothiadiazole) (F8BT).  
The samples were illuminated near their absorption maxima: 433nm for MEHPPV-POSS, 
362nm for PFO-POSS, and 400nm for F8BT.  Quantum efficiency values for these 
polymers in thin films and in solution are summarized in Table 3-2.  As expected, 
concentration quenching leads to lower values for  in the thin film samples than in 
the solution samples.  The thin film quantum efficiencies for MEHPPV-POSS, PFO-POSS 
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and F8BT are 4.21%, 29.04% and 62.41%, respectively, while the solution samples yield 
18.93%, 70.01% and 80.44%, respectively. 
The uncertainty of the measurements varies greatly.  While systematic uncertainties 
remain constant for each sample, a number of elements change from sample to sample 
which do, indeed, affect the uncertainty.  These include the excitation wavelength, the 
absorption of the sample (which is also affected by the sample thickness and the 
concentration) and the PL emission intensity.  The absorption and PL emission intensity 
of the sample directly relate to the relative uncertainties  and  in that lower 
absorption and emission increases the noise to signal ratio.   
The measurement uncertainty is strongly affected by the excitation wavelength due to a 
combination of the calibration method used and the hardware used to realize this 
measurement design.  As can be seen in Figure 3-3, the relative uncertainty of the 
calibration function rises sharply below 400nm.  This is due two both the lower response 
of the silicon photodiode at lower wavelengths and to the low emission intensity of the 
calibration lamp within the lower wavelength range.  At 362 nm (the excitation 
wavelength for the PFO-POSS samples), the relative uncertainty of the calibration 
function is 48%.  The result of which is that, in the case of PFO-POSS, the uncertainty of 
the measurement rises to unacceptable levels – 20.08% for the thin film and 29.6% for 
the solution.  Since this is a product of the system uncertainty, high levels of uncertainty 
are not unique PFO-POSS and any sample which is excited at low wavelength will exhibit 
high uncertainty.  The relative uncertainty at 400 nm (the excitation wavelength of the 
PFBT samples) is 8.8%.  While significantly lower than the uncertainty at 362 nm, this 
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still produces an uncertain measurement: 12.4% for the thin film and 3.01% for the 
solution.  Measurements of MEHPPV-POSS, however, have much more acceptable levels 
of uncertainty, 0.2% for the thin film and 0.56% for the solution.  This is due to the fact 
that in the wavelength range of the sample excitation and emission, the uncertainty is 
quite low.  At 433nm, the calibration function uncertainty is 2.8%, at 600 nm the 
calibration function uncertainty is 0.14% and at 700nm the calibration function 
uncertainty is 0.48%.  
Sample ηPL Uη 
(k=2) 
MEH-PPV-POSS (thin film) 4.21% ± 0.20% 
MEH-PPV-POSS (10-6 M in xylenes) 18.93% ± 0.56% 
PFO-POSS (thin film) 29.04% ± 20.08% 
PFO-POSS (10-5 M in xylenes) 70.01% ±29.60% 
F8BT (thin film) 62.41% ± 12.4% 
F8BT (10 mg/mL in xylenes) 80.44% ± 3.01% 
Table 3-2: PL quantum efficiency values for polymers 
Conclusions 
The method described above has shown to be an effective means of quantifying the PL 
quantum efficiency of both polymer thin films and dilute solutions.  The use of such 
characterization tools is essential in OLED design as it aids in the proper selection of 
emissive materials.  In addition, such a tool can be used to study the complex dynamics 
of radiative and non-radiative energy transfer in blends of emissive polymers. 
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Chapter 4  
OLED Fabrication 
Introduction 
The general structure of a PLED can be broadly classified in to two categories, top- and 
bottom-emitting (1) (2), and sub-categorized in to two addition designations, standard 
and inverted (3)(4).  This nomenclature refers to the direction through which emitted 
light travels (in the distinction between bottom- and top-emitting) and the orientation 
of the electrodes with respect to the substrate (in the distinction between standard and 
inverted).   
Top-emitting OLEDs emit light away from the substrate and through the top electrode, 
which must be made to be transparent or semi-transparent.  Similarly, the bottom 
electrode is chosen to be highly reflective so to increase the total light output through 
the top electrode.  By orienting the light emission to be topwards, a wide variety of 
substrates can be used, including silicon(5), stainless steel (6), and even paper(7).  
Because of the wide variety of substrates available for top-emission OLEDs, this is a 
desirable device structure for a wide variety of applications including high aperture ratio 
displays (8), solid state white lighting (9)(10) and wearable displays(11).  Top-emission 
OLEDs have an additional advantage over their bottom-emitting counterpart in that they 
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present fewer optical interfaces to emitted light and, as a result, tend to have higher 
extraction efficiency owing to diminished waveguiding (12) (13). 
Bottom emission OLEDs, by contrast, orient the emission of light to travel through the 
substrate which must, by necessity, be transparent.  Common choices for transparent 
substrates are glass (14) and plastic (15).  In addition, the bottom electrode must also be 
transparent and the top electrode reflective.  Despite having limited options for the 
choice of substrate, bottom-emitting OLEDs are widely researched due to the 
accessibility of transparent conductive oxides (TCOs), serving as transparent electrodes, 
which are much simpler to deposit on inorganic and robust substrates than on the 
delicate organic layers, as would be required if the TCO were to be used as a top 
electrode. 
Alternatively, several groups have fabricated transparent OLEDs which employ a 
transparent substrate and transparent anodes and cathodes(16) (8).  Light is emitted in 
both directions providing illumination to an observer on either side of the device. 
All devices discussed within this thesis employ a bottom-emitting, standard multi-layer 
structure shown in Figure 4-1.  While top emission PLEDs offer a number of advantages 
for production-quality devices, the PLED used in this thesis are regarded as testing 
platforms for additional design elements, and as such, simplicity in fabrication and low 
cost are favored over flexibility in substrate material and higher outcoupling.  Glass 
substrates are used throughout these experiments detailed here.  From the substrate 
up, the order of the layers is glass substrate, transparent conductive anode (deposited 
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and patterned by Thin Film Devices), a hole injection layer, the emissive layer and, 
finally, the cathode.  The materials used are discussed below. 
 
Figure 4-1: Schematic of bottom emitting PLED structure. 
Structure and Materials 
Transparent anode - Indium Tin Oxide 
Indium tin oxide (ITO) layers are prepared via sputtering with an indium oxide (In2O3)/ 
tin oxide (SnO2) target.  ITO is an apt choice for the transparent anode due to its high 
transparency (17) (>85% over the visual spectrum) and its low resistivity (< 10 Ω/) 
given the right post-deposition annealing conditions and oxygen content (17)(18).  
Because of the high workfunction of ITO (4.7-5 eV), ITO efficiently extracts electrons 
from the organic layers subsequently deposited. 
Hole Injection Layer – PEDOT:PSS 
Poly(4-styrenesulfonate)-doped poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) is used 
as a hole injection layer between the device anode and the emission layer.  PEDOT:PSS 
is obtained from H.C. Starck with the commercial name BAYTRON P in an aqueous 
solution and used without further purification.  Spin coating of PEDOT at 4000 rpm 
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typically results in a 60nm thick film.  Electrochemical deposition of PEDOT was not 
considered in order to remain consistent with commercial procedures. 
Emissive Layer – F8BT 
poly(2,7-(9,9-di-n-octylfluorene-alt-benzothiadiazole) (F8BT) was obtained from DOW 
Chemical as part of a collaboration with the Kanicki group.  F8BT is a fluorene -based 
polymer widely used in organic-based devices due to its high brightness and charge 
transfer efficiency(19)(20).  The chemical structure is shown in Figure 4-2. 
 
Figure 4-2: Chemical structure of F8BT 
F8BT has two absorption bands centered at 470nm (2.62 eV) and 326nm (3.8 eV).  The 
onset of absorption occurs at 547nm giving an optical gap of 2.26 eV.  F8BT emits a 
yellow-green color with broad spectral peaks, the dominant of which is centered at 
536nm (2.31 eV).  The maximum emission occurs at 496nm (2.5 eV).  AC voltammetry 
measurements reveal a HOMO of -5.57 eV and a LUMO of -2.03 eV.  The 
electrochemical gap is, then, 3.54 eV, which is 1.28 eV larger than the estimated optical 
gap.  The molecular weight for the F8BT polymer was 25,000 (21). 
Emissive Layer – PFO-POSS and MEHPPV-POSS 
Poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) and poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene) (MEHPPV) are widely studied materials for use in OLEDs (22)(23), 
sensors(24)(25), solar cells (26) and other organic-based devices in research 
57 
environments.  In the white-light studies, detailed in Chapter 5, PFO and MEHPPV are 
used because of their high brightness and because their emission colors make them 
ideal for the production of white light through blending. 
While these materials generate a great deal of research interest, their widespread use in 
commercial applications is hampered by the ease in which the materials degrade under 
normal device operation.  This degradation comes in the form of aggregate formation, 
side chain chemical reactions, and, in the case of blends of polymers, phase separation 
due to high chain mobility.  The latter of these degradation modes is of primary concern 
for the study of white light-emission from blends Chapter 5 as phase separation will 
increase the average molecular distance between donor and acceptor molecules and 
hamper the generation of white light.   
Xiao et. al. (23) have shown that by endcapping semiconducting polymers with bulky, 
inorganic groups, such as polyhedral oligomeric silsesquioxanes (POSS), they can 
improve thermal stability, reduce chain mobility and decrease the formation of 
aggregates.  The lower chain mobility of the endcapped molecules (termed PFO-POSS 
and MEHPPV-POSS) makes the modified forms of these molecules ideal for studies of 
polymer blends.  PFO-POSS and MEHPPV-POSS are obtained from American Dye Source 
(Baie D'Urfé, Quebec) and used without further purification.  Figure 4-3 shows the 
chemical structure of these polymers.  Both materials are highly soluble in toluene, 
xylenes, tetrahydrofuran, and chlorobenzene. 
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Figure 4-3: Chemical structure of PFO-POSS (a) and MEHPPV-POSS (b). 
The absorption of PFO-POSS peaks at about 380nm (3.2 eV) with an absorption onset at 
415nm giving an optical gap of 2.99 eV.  The photoluminescence spectrum shows peaks 
at 435nm (2.85 eV), 480nm (2.69 eV), 490nm (2.53 eV) and 510nm (2.43 eV) with a 
maximum emission at 410nm (3.02 eV).  AC voltammetry measurements estimate the 
HOMO of PFO-POSS to be -5.64 eV and the LUMO to be -2.07 eV giving an 
electrochemical gap of 3.57 eV.  The molecular weight for PFO-POSS, as measured by gel 
permeation chromatography with a polystyrene standard, is 117,000. 
The absorption spectrum of MEHPPV-POSS shows a strong peak at 502nm (2.47 eV) 
with an absorption onset of 561nm, leading to an optical gap of 2.21 eV.  
Photoluminescence measurements reveal broad peaks at 560nm (2.21 eV), 590nm (2.11 
eV) and 625nm (1.99 eV) with a maximum emission at 486nm (2.55 eV).  AC 
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voltammetry measurements estimate the HOMO of MEHPPV-POSS to be -5.0 eV and the 
LUMO to be -2.48 eV giving an electrochemical gap of 2.52 eV.  The molecular weight for 
MEHPPV-POSS, as measured by gel permeation chromatography with a polystyrene 
standard, is 346,000. 
For all three molecules, the measured electrochemical gap was larger than the optical 
gap (F8BT: +1.28 eV, PFO-POSS: +0.58 eV, and MEHPPV-POSS: +0.31 eV).  The 
electrochemical gap represents the amount of energy required to place an additional 
charge carrier on the molecule, and, hence, is more representative of the barriers to 
charge diffusion.  The large disparity between the measured gaps suggests that there is 
significant relaxation of the molecule between its oxidized or reduced state and its 
excited state (with the presence of an exciton on the molecule). 
Cathode – Calcium/Silver 
In all the PLEDs fabricated for the studies detailed in this thesis, calcium was used as the 
cathode with a thick silver capping electrode.  Calcium is used because it has a low 
workfunction of 2.87 eV (27) which allows for efficient injection of electrons in to the 
emissive layer.  In addition, it has been shown that Ca produces an efficiency interface 
with organic semiconductors and that changing the cathode metal to a lower 
workfunction material has little effect on the device performance (28).  Because of its 
low workfunction, Ca is highly reactive to atmospheric oxidizers.  A thick Ag capping 
layer is used to protect the Ca electrode from deleterious elements during operation.  
Ag was chosen due to its high conductivity, high reflectivity and compatibility with our 
deposition tools.  The workfunction of Ag is 4.26 eV (27).   
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Fabrication Procedure 
Pre-patterned ITO/glass  substrates are obtained from Thin Film Devices (Anaheim, CA).  
The substrates are 2×2 inch and 0.5mm thick.  The anode and cathode masks are 
designed to fit eight individual devices on to the substrate.  Figure 4-4 shows the 
electrode pattern used in the devices. Figure 4-4 (a) shows the ITO anode pattern as 
received on the 2×2 inch substrates from Thin Film Devices. Figure 4-4 (b) shows the 
shadow mask pattern used to deposit the metallic cathode. Figure 4-4 (c) is the overlay 
of the two electrode patterns.  The area of overlap forms the device area.  The green 
region is the area where the organic layers are built up.  The masking procedure is 
described below.  The width of the electrodes near the edge of the substrate is 2.5mm.  
This narrows to 1mm where the device is located, leading to a 1mm2 device.   
 
 
Figure 4-4: (a) ITO anode pattern. (b) cathode pattern. (c) overlay of anode and cathode.  Green region shows 
organic area. 
Once received, the substrates are rinsed with acetone, isopropyl alcohol and finally 
deionized water and dried with nitrogen.  The substrate is then placed in a UV-Ozone 
system from UVOCS, Inc.  for twenty minutes.  UV-Ozone is an ultraviolet radiation and 
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oxidation cleaning step.  The highly oxidizing radicals formed by the UV exposure strip 
the surface of contaminating hydrocarbons.  Next, using a low tack masking tape, the 
organic area is defined by covering the electrode contact area and the sides of the 
device.  Aqueous PEDOT:PSS is spun, in lab atmosphere, on the exposed portion of the 
substrate at 4000 rpm until dry, producing a 40nm thick film.  The device is placed in a 
vacuum oven at 90˚C for at least 90 minutes to remove residual moisture.  The device is 
then transferred to an oxygen-free, moisture-free, nitrogen glove box equipped with a 
spinner and vacuum oven.  The emissive layer (typically dissolved in xylenes) is applied 
with a syringe-driven filter (0.2 m) and spun cast at 1500 rpm until dry.  The device is 
then baked at 90˚C in a vacuum oven for 120 minutes.  After removal from the vacuum 
oven, the low tack tape is carefully removed exposing the electrode contact area. 
The cathode is deposited by thermal evaporation through a shadow mask in an 
evaporation system connected to the nitrogen glove box.  A 100Å thick calcium film is 
deposited at 0.5 Å/s at a base pressure of ~4×10-6 Torr.  This is followed by a thick silver 
capping layer (~4000Å) deposited at 20Å/s with a base pressure of ~4×10-6 Torr. 
Characterization 
Current-Luminance-Voltage Measurement 
Current-Luminance-Voltage (ILV) measurements are conducted within the nitrogen 
atmosphere glove box, allowing for the fabrication and characterization of devices in an 
inert environment.  An ILV measurement traces the luminous output of the device and 
the current drawn through the device as a function of the applied voltage.  A schematic 
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of the measurement system is shown in Figure 4-5.  The Labview-controlled computer is 
connected to a Keithly 2400 sourcemeter via GPIB.  Positive and negative leads from the 
sourcemeter are passed through the wall of the glovebox via BNC connectors and 
attached to the device under test via “toothless” alligator clips.  The OLED is mounted at 
the entrance port of a calibrated International Light integrating sphere.  The sphere is 
fitted with a photopically filtered silicon photodetector connected to an IL1700 from 
International Light.  Cables leading from the photodetector to the IL1700 were modified 
to fit the glove box’s BNC passthoughs.  The IL1700 is calibrated to display the detected 
signal as lumins and is connected via serial cable to the computer.  Using user-imputed 
device dimensions, the labview routine converts the reported lumin value to 
candelas/m2 and output all values as a text file. 
 
Figure 4-5: ILV measurement system schematic 
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Electroluminescence Measurement 
The device electroluminescence (EL) spectrum is measured outside the nitrogen 
atmosphere, although future studies should consider incorporating the EL system in to 
the glove box.  Figure 4-6 show the schematic diagram for the EL measurement system 
used.  The OLED is mounted to the entrance port of an integrating sphere and 
connected to a power supply via “toothless” alligator clips.  Collection optics are 
mounted at the exit port of the sphere, and focus incident light on the end of a fiber 
optic cable.  The fiber optic cable leads to a Triax 190 monochromater fitted with a 
liquid nitrogen-cooled CCD unit from Horiba Jobin-Yvon.  The spectral images are 
relayed to a computer and outputted as a data file. 
 
Figure 4-6: EL measurement system schematic 
Lifetime 
The lifetime measurement system is design to record luminance, current and emission 
area as a function of time under constant bias.  For measurements, the OLED is placed in 
an environmental chamber.  During operation, the chamber can be flooded with house 
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nitrogen, evacuated or left open for exposure to lab air, depending on the type of 
measurement being performed.  When the chamber is closed, a quartz window allows 
observation of the device.  When the device is to be exposed to lab air, the cover is 
removed.  Within the chamber, the device under test is connected to a Keithley 2400 
sourcemeter via pass-throughs in the chamber wall.  The bias voltage remains constant 
throughout the measurement, and the current through the device is recorded.  A small 
portion of the emitted light is diverted to a silicon photodiode connected to an 
uncalibrated IL1700.  Photodiode current is recorded by the computer.  A CCD camera is 
positioned above the device to image the emission area of the device while operating.  
From these images, the effective device area is calculated using a procedure described 
below.  For each measurement, the computer records a timestamp so that luminance, 
current, effective current density and effective device area can be plotted as a function 
of elapsed time.  
 
Figure 4-7: Schematic of DC lifetime measurement system 
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An AC lifetime measurement setup can be accomplished by substituting the Keithley DC 
source for a HP8114a pulse generator with a buffered output and substituting the 
IL1700 radiometer with a Lecroy oscilloscope.  Such a measurement setup is shown in 
figure Figure 4-8. 
 
Figure 4-8: Schematic of AC lifetime measurement system 
During operation and under constant exposure to atmospheric moisture and oxygen, 
OLED cathodes will degrade leading to the formation and growth of non-emissive, dark 
spots (29)(30).  The rate of growth of these dark spots is directly related to the flux of 
moisture and oxygen to the cathode/organic interface.  The normalized effective area of 
the device is that percentage of the device area not consumed by the growing dark 
regions.  Experimentally, this is measured via analysis of images taken of the device over 
the course of the lifetime experiment.  For each measurement, the recorded image is 
converted to an 8-bit grayscale matrix.  A histogram of these images shows two distinct 
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regions.  The grayscale image and histogram are shown in Figure 4-9.  Pixels 
representing dark spot area and the non-luminescent area around the device have 
values close to zero while pixels representing the actively emitting area of the device 
have higher values.  Based on the histogram, a threshold value can be defined and the 
pixels can be binned in to one of two categories: on pixels (pixels whose grayscale value 
is above the threshold) and off pixels (pixels whose grayscale value is below the 
threshold).  This is done for each image taken and the sum of the on pixels is normalized 
to the t=0 value. 
 
Figure 4-9: 8-bit grayscale image of OLED emission after some degradation due to dark spot growth.  The histogram 
of the image (right) allows the area of the emissive region to be calculated. 
 
Some error is introduced in to this procedure from the response of the CCD camera and 
the changing luminance of the device.  As the device ages, the total luminance 
decreases for reasons independent of the dark spot growth.  With no change in the 
camera gain or shutter speed, this dimming results in a lowering of the image contrast.  
While the contrast between the emitting area and the dark regions remains sufficiently 
high to determine a threshold value, the decrease in contrast increases the apparent 
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area of transition regions, such as the device edge and the edge of the dark regions 
where there is a gradation of grayscale values.  As a consequence, some on pixels shift 
to the off bin, confounding an exact measurement of the area.  In short, two images 
taken of the same emission area, but under high and low contrast conditions will 
register slightly different effective areas (high contrast images registering higher area 
and low contrast images registering lower area).   
This contrast dependent error is minimized by taking steps to homogenize the contrast 
of images.  This is done using software provided with the camera to automatically adjust 
the shutter time and gain such that the illuminated area of the device is uniform in 
intensity among images.  Post-measurement image processing is used to subtract 
background and stray light, leading to more uniform among the collected images.  
Regardless, effective area measurements should not be taken as an absolute 
measurement, but should be considered approximations within ±2%. 
CIE calculation 
The chromaticity of OLED emissions is characterized with the CIE 1931 XYZ color space 
(31)(32)(33).  The CIE 1931 XYZ color space is based on observer color matching data 
and is defined by three color matching functions, , , and  shown in Figure 
4-10.  Because the human eye has three light receptors, roughly corresponding to short, 
medium and long wavelength photons, the perception of color can be expressed with 
three values:   
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 (4-1) 
where  is the spectrum of the emission or stimulus.  In this thesis, CIE coordinates 
are expressed using the xyY formulation of the 1931 color space.  This formulation takes 
advantage of the fact that the  was specifically chosen to represent the luminance 
of the stimulus.  Thus, the xyY formulation separates the chromaticity and brightness, 




Figure 4-10: Standard observer functions for CIE 1931 XYZ color space 
 








OLED Fabrication and Discussion 
PLEDs were fabricated using the procedure outlined above.  The ILV and 
electroluminescence spectra are discussed below.  Lifetime measurements are 
discussed in Chapters 6 and 7. 
Figure 4-11 show the typical ILV characteristics for a PLED fabricated using F8BT as the 
emissive layer.  F8BT was spin cast from a 10mg/mL solution in xylenes.  The typical 
device shows a maximum luminance of 11,500 cd/m2 at about 9.8V.  The turn-on 
voltage (voltage which produces 1 cd/m2) is 2.3V.  F8BT shows very high efficiency.  The 
maximum emission efficiency is 1.96 cd/A and the maximum power efficiency is 2.27 
lm/W 
 
Figure 4-11: Typical ILV characteristics for PLED with F8BT emission layer 
Figure 4-12 shows the ILV characteristics for a typical PLED fabricated with a PFO-POSS 
emission layer.  The PFO-POSS was cast from a 12 mg/mL solution in xylenes.  This 
device shows a much lower maximum luminance than the F8BT device with only 210 
cd/m2 at about 17.5V.  This value is deceptive, however, since this maximum is the 
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result in a spike in luminance observed as the bias is increased.  Beyond 17.5 V, the 
device undergoes a catastrophic failure.  It is unlikely that without further optimization 
of the device structure, that this output could be maintained for prolonged periods of 
time.  The turn-on voltage for this device is 11.3 V.  As can be expected from the 
relatively low luminance as compared to the F8BT device, the efficiency of the PFO-POSS 
device is low, showing a maximum emission efficiency of 0.057 cd/A and a maximum 
power efficiency of 0.011 lm/W. 
 
Figure 4-12: Typical ILV characteristics for PLED with PFO-POSS emission layer 
Figure 4-13 shows the typical ILV characteristics for a PLED fabricated with a MEHPPV-
POSS emission layer.  The emission layer was cast with a 10 mg/mL solution in xylenes.  
The MEHPPV-POSS device has a maximum luminance of 345 cd/m2 at about 15V.  The 
turn-on voltage is 7.7 V.  These devices typically yield a maximum emission efficiency of 
0.288 cd/m2 and a maximum power efficiency of 0.076 lm/W. 
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Figure 4-13: Typical ILV characteristics for PLED with MEHPPV-POSS emission layer 
Figure 4-14 shows the emission spectrum of the previous devices.  The 
photoluminescence spectra are plotted along the same graph for comparison.  There is 
very good agreement between the PL and EL spectra for F8BT.  The wider emission of 
the EL spectrum is most likely due to the difference in detectors as the EL was measured 
using a CCD and the PL with a photodiode.  The EL spectrum of the PFO-POSS (b) 
exhibits four narrow peaks in good agreement with the positions of the peaks in the PL 
spectrum, albeit with the relative intensities of each peak altered.   The EL spectrum of 
the MEHPPV-POSS devices shows three broad peaks in good agreement with the PL 
spectral peaks, but, again, with the relative intensities altered.   
It should be noted that the reported power efficiencies for the F8BT-, PFO-POSS-, and 
MEHPPV-POSS-based OLEDS are well below the efficiency goal set by the DoE (Chapter 
1) as well as below the state of the art device currently reported in the literature.  This 
should not be construed as an inherent deficiency in the materials and methods 
discussed in this thesis.  Rather, it should be noted that no effort has been made to 
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mitigate the various factors which limit device efficiency.  For instance, fluorescent 
molecules typically have a maximum internal efficiency of 25% (greater for polymers) 
due to the limitation that only singlet transitions (which constitute only 25% of excited 
electronic states) may emit (34).  The internal efficiency of the device may be increased 
by either doping the host material with a phosphorescent material (35) or replacing the 
fluorescent material with a phosphorescent one (34).  Both solutions will take 
advantage of the populous triplet excited state leading to internal efficiencies close to 
unity (36).  In addition, up to 80% of the emitted light can be lost to external factors 
such as waveguiding through the transparent substrate (37).  No effort was made in 
these studies to try to reclaim this lost luminance. 
The CIE coordinates were found to be (0.17, 0.09), (0.55, 0.45), and (0.39, 0.57) for F8BT, 
PFO-POSS and MEHPPV-POSS, respectively. 
 
Figure 4-14: Electroluminescent spectra compared to photoluminescent spectra of F8BT device (a), PFO-POSS 
device (b), and MEHPPV-POSS device (c) 
Conclusions 
The materials and device structures were chosen to provide an appropriate and simple 
test platform for the measurements to be described in the following chapters.  Devices 
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fabricated with an F8BT emission layer have high brightness and efficiency, making them 
ideal for studies of lifetime and packaging.  Devices fabricated with PFO-POSS and 
MEHPPV-POSS emit spectra which allow the fabrication of white illumination, while 
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Chapter 5  
White Light Emission from Emissive 
Polymer Blends 
Introduction 
The prospect of viable polymer-based solid-state lighting and display backlights has 
spurred interest in blends of semiconducting polymers to be used as the emissive layer 
in polymeric light-emitting devices (PLEDs).  In contrast to devices which rely on multiple 
emission layers to produce white light (1), single emission layer utilize efficient energy 
transfer (Förster transfer) from a donating molecule (ubiquitously a blue emitter) to a 
accepting molecule (either a red or a blend of red and green emitters) to generate the 
broad spectrum emission.  The goal of such blends is to produce a white emission, 
characterized by the CIE (Commission Internationale d’Eclairage) coordinates of (0.33, 
0.33).  The CIE coordinates are highly sensitive to the emission characteristics of 
constituent polymers which can be altered by bimolecular interactions among the 
various polymers, such as Förster energy transfer and exiplex formation.  Hence, the 
effect of these heterodimeric interactions on the CIE coordinates of the overall emission 
is a research effort of great interest. 
Of the possible donating host materials, blue-emitting poly-fluorene (PF) and its many 
derivatives and copolymers are widely used in white-emitting blends due to PF’s high 
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photoluminescent efficiency, good hole mobility, thermal stability and variability of 
chemical properties.  A wide range on PF-based systems can be realized.  We have 
previously shown high luminance and efficiency from white-emitting devices based on 
red and blue polyfluorene copolymers (2).  Virgili et. al. have fabricated light-emitting 
devices using a blend of PF and a red-emitting small molecule, tetraphenylporphyrin (3).  
Efficient Förster transfer from the PF to the porphyrin is suggested by the low weight 
percent (0.15%) of porphyrin needed to produce sufficient red emission.  Gong et. al. 
have produced highly efficient white PLEDs with a blend of PFs with a phosphorescent 
small molecule, tris[2,5-bis(9,9-dihexylfluoren-2-yl)pyridine-κ2NC3]iridium-(III),Ir(HFP)3 
(4).  Liu et. al. produce white emission from a blend of polyfluorene and a 
benzothiadiazole derivative(5).  Shen et al. produce stable white emission from PLEDs 
with emissive layers consisting of blends of poly(fluorene) (PFO) and poly(2-(2’-
ethylhexyloxy)-5-methoxy-1,4-phenylenevinylene) (MEHPPV)(6). 
We produce similar white light-emitting OLEDs from blends of blue- and red-emitting 
fluorescent polymers, with a polyfluorene-based donor material and poly 
phenylenevinylene-based acceptor.  Clearly, efficient Förster transfer is, as it is in the 
previously mentioned examples, a crucial process in the generation of white light, the 
production of which requires a critical ratio of emitting materials.  To better understand 
the energy transfer characteristics of our emissive materials, we examine the efficiency 
of Förster transfer in donor-acceptor blends as a function of solution concentration and 
donor to acceptor ratio by employing an adaptation of the method proposed by Epe et. 
al. (7) in which fluorophores are separated by diluting solutions of fixed ratios of donor 
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and acceptor molecules and the resultant emission is decomposed by means of a simple 
curve-fitting routine which uses the fluorescence of the individual polymers as a 
reference.  We then determine the specific increase in efficiency this blending method 
affords as compared to a trivial solution of using two emissive samples to produce white 
light. 
Förster Transfer  
Förster transfer, also known as resonant energy transfer, is the radiationless transfer of 
energy from an excited molecule to a ground state molecule.   It is important to note the 
Förster transfer does not involve the emission of a photon (as in reabsorption), the 
formation of a bimolecular complex, or collision between excited species.  There are five 
condition for the efficient transfer of energy by the Förster process (8): 
1. There is sufficient overlap between the donor molecule’s emission spectrum and 
the acceptor molecules absorption spectrum. 
2. The average donor-acceptor distance must be sufficiently small 
3. The donor and acceptor chromophores must be in reasonable mutual alignment 
4. The electronic transitions of both molecules must be in the near ultraviolet to 
near infrared range. 
5. Both materials must have sufficiently high quantum yields. 
The degree to which a system of molecules meets these criteria determines the 
efficiency by which Förster transfer occurs.  For blends of donors (D) and acceptors (A) 
which meet or partially meet the above criteria, excitation of the donor molecule by 




In process (a) of the above equation, the excitation is resonantly transferred from the 
donor to the acceptor at a rate of .  The acceptor then decays radiatively or 
nonradiatively according to its quantum efficiency.  In process (b), no resonant transfer 
occurs and the donor decays radiatively at a rate of .  In process (c), neither the donor 
or acceptor decay radiatively, which occurs at a rate of .   
The efficiency of Förster energy transfer, , is defined as the fraction of donor 
excitations which are transferred to the acceptor material.  This can be expressed as: 
 
(5-2) 
Förster efficiency is usually observed as a decrease in donor luminance, due to the 
transfer of the excitation to the acceptor(8).  This can, alternatively be expressed as: 
 
(5-3) 
where  is the average distance between donor and acceptor molecules and  is the 
characteristic distance at which the energy transfer efficiency is 50% and typically is in 
the range of 2 to 10 nm (9).  It is clear that the efficiency of Förster transfer is highly 
dependent on the average molecular spacing.  In this formulation,  contains all the 




where  is the orientation factor (~2/3 for randomly oriented polymers),  is the 
quantum efficiency of the donor molecule, J is the overlap integral, n is the index of 
refraction for the medium, and   is Avogadro’s number. 
This well studied metric is used in a number of applications (8)(10) to determine the 
average separation between fluorophores.  Experimentally,  can be expressed as the 
quenching of donor luminescence in the presence of the acceptor via (11)(12).  
Rewriting Equation (5-3),  is expressed as: 
 (5-5) 
where  is the PL quantum efficiency of the donor in the blend and  is the PL 
quantum efficiency of the donor alone.   
Such a measurement can be made by measuring the efficiency of the donor molecule 
alone, then measuring the efficiency of the blend emission and differentiating the 
emission of the donor from that of the acceptor.  For molecular systems where the 
emission emissions of the molecules occupy distinct ranges of the spectrum, this is a 
trivial matter.   
In the case of molecular systems where the emissions of the donor and acceptor 
molecules are wide and overlap slightly, differentiating the source of the emission in the 
overlap region is difficult, and  cannot be measured directly.  All of the molecular 
systems observed in this study were of this nature.  To overcome this, we employ a 
simple curve-fitting routine on the collected spectra of blends.  The spectra of the donor 
and acceptor molecules, individually, are decomposed in to a sum of Gaussian peaks.  
These reference peaks represent vibrational modes and distinct fluorophores along the 
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polymer chain.  The peaks from both donor and acceptor spectra are used to fit the 
measured spectra from the blends.  Once fitted, the individual emissions from the donor 
and acceptor can be reconstructed by arithmetically separating the appropriate groups 
of peaks.  In this manner, the fractional contributions of the donor and acceptor 
emissions can be determined as a ratio.  As such, the fractional contribution of the 
donor emission ( ) in the blend is given by 
 
(5-6) 
where  and  are the photon fluxes of the donor and acceptor within the blend 
(determined via the method described above), such that , where   is the 
total photon flux of the blend emission.  If the absorption of the acceptor is low relative 
to that of the donor (from a combination of low extinction coefficient and low 
concentration), the quantum efficiency of the donor in the presence of the acceptor, 
, can be determined as the ratio between  and the number of absorbed photons.  




where  is the PL quantum efficiency of the donor-acceptor blend.  In our studies, the 
PL quantum efficiency of the individual donor and acceptor samples and the blends 
were measured via a calibrated spectrometer utilizing an integrating sphere to establish 
the absolute photon flux.  Details of this experimental setup are presented in Chapter 3. 
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Förster transfer in PFO-MEHPPV systems 
The blue-emitting donor material used in this study was poly(9,9-dioctylfluorenyl-2,7-
diyl) end-capped with polyhedral oligomeric silsesquioxane (PFO-POSS), shown in Figure 
5-1(a).  The red-emitting acceptor material used was poly(2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene) also end-capped with silsesquioxane (MEHPPV-
POSS) and shown in Figure 5-1(b).  Estimates for the HOMO and LUMO values were 
made electrochemically via AC voltammetry.  HOMO and LUMO levels are shown in 
Figure 5-1 (c). 
 
Figure 5-1: Chemical schematic of poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO) end-capped with polyhedral oligomeric 
silsesquioxane (a) and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] also end-capped with 
polyhedral oligomeric silsesquioxane.  (c) Energy level diagram of the donor acceptor system.  HOMO and LUMO 
values taken from AC voltammetry measurements. 
Solutions in xylenes of donor-acceptor blends with fixed molar ratios of 99.9:0.1, 
99.5:0.5 and 99:1 were prepared by combining appropriate volumes of dilute solutions 
of each.  Several samples of varying concentration ranging from 10-9 to 10-4 M were 
prepared for each ratio.  The calibrated spectra (in ) were taken 
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and the PL quantum efficiency was calculated.  The calibrated spectra for dilute 
solutions of the donor and acceptor molecules alone are also collected and the PL 
quantum efficiency is calculated.   
The quenching of donor emission is observed by noting its fractional decrease with 
respect to the total blend emission as the total molar concentration of the solution 
increases and as the relative concentration of the red increases.  The Förster transfer 
efficiency can be calculated as a function of average molecular spacing by proxy of 
solution concentration and donor-acceptor ratio.   
Figure 5-2 shows the absorption and photoluminescence spectra for the donor (a) and 
acceptor (b) materials.  The absorption spectrum for the blue donor shows a single peak 
at 388 nm (3.19 eV).  This optical gap is 0.53 eV smaller than the measured 
electrochemical gap.  A decomposition of the photoluminescence of the blue donor 
shows four total peaks.  The absorption spectrum of acceptor has a single peak centered 
at 502 nm (2.47 eV), which is 0.05 eV smaller than the measured electrochemical gap.  
The photoluminescence spectrum is decomposed in to three peak, the highest energy of 
which is centered at 599 nm (2.21 eV).  The fitted Gaussian peaks are plotted as well.  
The relative positions of these peaks are used to identify the origin of emissive peaks in 
blends of polymers. 
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Figure 5-2: Photoluminescence and Absorption for PFO-POSS (a) and MEHPPV-POSS (b).  Absorption spectra are 
plotted as dashed lines.  In (a) the absorption of MEHPPV-POSS is plotted as a red dashed line to show the overlap 
between MEHPPV-POSS absorption and PFO-POSS emission.  The emission spectra of PFO-POSS and MEHPPV-POSS 
has been decomposed in to constituent Gaussian peaks and plotted in solid blue and red lines, respectively. 
One of the conditions for efficiency Förster energy transfer is a sufficient overlap of the 
donor emission and the acceptor extinction coefficient.  In Figure 5-2(a), the absorption 
spectrum of the red acceptor is plotted over the blue donor, showing an acceptable, if 
not ideal, overlap.  It should be noted that these materials were not chosen based on 
their emission-absorption overlap, but on their electroluminescent color.  When 
combining two colors on a CIE chart, the resultant color coordinate is on a line 
connecting the two fundamental colors coordinates, so it is important that the 
fundamental colors of any blend lie on opposite sides of the desired coordinate, (0.33, 
0.33).   
In Figure 5-3(a), the normalized PL spectra of three blend ratios at 10-5M are plotted 
along with the normalized spectra of the donor and acceptor materials alone.  Clearly, 
as the relative concentration of the acceptor is increased, the spectra show an increased 
red component corresponding with a decreasing average intermolecular spacing 
between the donor and acceptor.  Interestingly, the shape of the blend spectra do not 













































































resemble a simple combination of the donor and acceptor spectra.  Instead, the relative 
peak intensities have shifted dramatically.  Whereas the height of the blue peak near 
440nm is dominant in the donor-alone spectrum, its relative intensity decreases until it 
is similar to that of the peak located near 415nm as the acceptor ratio increases.  On the 
red side, the dominant peak in the acceptor-alone spectrum is near 595nm while for 
lower acceptor ratios, the dominant peak is near 550nm. 
 
Figure 5-3: (a) The evolution of PL spectra of thin films with a decreasing donor:acceptor ratio.  (b)  The evolution of 
PL spectra of dilute solutions of the donor:acceptor ratio 95:5 as the overall molar concentration increases.  In both 
cases, the increase in donor emission is a result of a decrease in average molecular spacing between donor and 
acceptor. 
Clearly, this indicates that not all vibrational modes participate equally in energy 
transfer.  In the case of blends of PFO-POSS and MEHPPV-POSS, energy transfer seems 
strongest between the 440nm donor peak and the 550nm acceptor peak, based on this 
analysis.  This is a critical point since as the spectrum shape changes, so does the 
emission color.  Thus, two fundamental emitters, when blended, may produce a 
resulting spectrum whose color coordinate is unexpected from a simple CIE coordinate 
analysis. 
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A similar change in spectrum shape is observed when the blend ratio is held constant 
and the intermolecular spacing is decreased by means of increasing the total 
concentration.  As shown in Figure 5-3(b), an increase in concentration, expectedly, 
increases the intensity of the red component as the donor and acceptor molecules are 
brought closer. 
The calculated PL quantum efficiencies for all ratios and concentrations are plotted in 
Figure 5-4 with the PL quantum efficiencies for the donor-only and acceptor-only 
concentrations.  At low concentrations, the efficiencies of the blends match those of the 
donor-only samples indicating that at sufficiently low concentrations, the molecular 
spacing is such that Förster transfer and the absorption of the acceptor are negligible.  
At higher concentrations, the efficiencies of the blends begin to drop as increased 
Förster transfer shifts molecular excitations from the efficient donor to the less efficient 
acceptor.  The highest acceptor ratio samples (99:1) begin to deviate from the donor 
efficiency at the lowest concentration (about 1x10-7 M) followed by the 99.5:0.5 ratio (at 
about 1x10-6) and then the 99.1:0.1 ratio (at about 5x10-6). 
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Figure 5-4: PL quantum efficiency versus concentration for blue donor alone (blue diamonds), red acceptor alone 
(red diamonds) and blend ratios (grey).  At low concentrations, the blend emissions behave like the blue donor 
alone, suggesting little to no Förster transfer. 
As the blend concentrations increase, the fractional contribution of the donor ( ) 
decreases, as shown in Figure 5-5.  Tracing this decrease, we can plot the Förster 
transfer efficiency as a function of concentration for the three blend ratios (Figure 5-6).  
The plots confirm the general trend that a higher acceptor ratio and higher 
concentration will promote Förster transfer. 





























































 D:A = 99.9:0.1
 D:A = 99.5:0.5
 D:A = 99:1
 
Figure 5-5: Fraction of the total blend emission from the blue donor. The reduction of blue fractional emission at 
higher concentrations indicates Förster transfer to the red acceptor molecule. 
Figure 5-5 shows that below a critical concentration (10-7 – 10-6 M) all of the detectable 
emission of the blend originates from the donor.  Above the critical concentration, the 
fraction of the donor decreases steadily. 
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 D:A = 99.5:0.5
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Figure 5-6: Efficiency of Förster transfer as a function of concentration for three blend ratios.  As expected, the 
Förster efficiency increases as the average intermolecular spacing decreases with increasing concentration. 
Measurements of Förster transfer efficiency at higher concentrations, extending to 
concentrations found in thin films, require a slightly different experimental approach 
and are not pursued in this thesis.  Förster transfer efficiency in thin films is of interest 
because, while the intermolecular spacing is expected to decrease – thus theoretically 
increasing the Förster transfer efficiency – the rate of intermolecular quenching, 
aggregation and other bimolecular phenomenon increases – thus theoretically 
decreasing the Förster transfer efficiency.  The competition between these two 
phenomenon will help determine what, if any, strategies should be employed to 
maximize Förster transfer efficiency by altering the thin film deposition methods or by 
adding an inert, transparent filler material, such as poly(methyl-methacrylate), in order 
to control the thin film concentration. 
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The question remains as to what, if anything has been gained by blending polymers and 
generating white light via Förster transfer.  For Förster transfer to be an advantageous 
means of producing white illumination, we should expect an increase in efficiency over 
the trivial solution of placing two independent blue and red polymer emitters in close 
proximity.  A comparison of PL quantum efficiencies can be made between the 
measured efficiencies of the blend samples and a hypothetical 2-sample emitter made 
with the individual electro-optical characteristics of the donor and acceptor molecules 
and tuned so to produce the same photon flux as a similar blend emitter. 
The PL quantum efficiency of a 2-sample emitter producing a similar photon flux as a 
blend emitter can be calculated via the equation 
 
(5-8) 
In the above equation, 2-sample is the quantum efficiency of the hypothetical 2-sample 
emitter, and D and A are the quantum efficiencies of the donor and acceptor 
molecules alone, respectively. 
Clearly, for dilute solutions which do not exhibit Förster transfer (  = 1), the 2-sample 
emitter has the same efficiency as the blend.  Table 5-1 shows the measured PL 
quantum efficiencies for blends along with the calculated PL quantum efficiency for the 
2-sample emitter.  For samples with detectable Förster transfer, there is an immediate 
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 0.229 0.333 +0.104 0.177 0.258 +0.081 0.164 0.244 +0.080 
 0.271 0.365 +0.094 0.197 0.298 +0.100 0.180 0.302 +0.121 
 0.432 0.567 +0.135 0.350 0.479 +0.129 0.246 0.315 +0.070 
 0.508 0.646 +0.138 0.408 0.542 +0.135 0.313 0.400 +0.087 
 0.688 0.671 -0.017 0.542 0.609 +0.067 0.510 0.587 +0.077 
Table 5-1: Based on the increase in efficiency shown in PL samples of blends as compared to the 2-sample analog, 
we conclude that the use of blends of polymers in OLEDs would show an increase in internal efficiency as compared 
to a similar 2-emissive layer PLED. 
White Light Emission from PLEDs Using PFO-MEHPPV blends 
Single emission-layer PLEDs were fabricated with donor to acceptor blend ratios of 
99.92:0.08, 99.9:0.1, 99.5:0.5, 99:1, and 95:1.  The bottom-emitting devices were 
fabricated on ITO-coated glass with a PEDOT:PSS injection layer and a thermally 
evaporated bi-layer cathode of calcium and silver.  EL spectra were measured with a 
CCD spectrometer cooled with liquid nitrogen from Horiba Jobin-Yvon. 
Figure 5-7 (a) and (b) show the electrical characteristics of a PLED made with a 
99.92:0.08 blend ratio.  The maximum luminance is 80 cd/m2 with a turn-on voltage of 
9.9V.  The maximum emission efficiency is 0.06 cd/A and the maximum power efficiency 
is 0.017 lm/W. 
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Figure 5-7: (a) Luminance vs. voltage and current density and (b) emission and power efficiency versus luminance 
for a single-layer PLED with an emissive layer consisting of a 99.92:0.08 PFO:MEHPPV blend ratio. 
The CIE coordinates for PLEDs fabricated with several blend ratios is shown in Figure 5-8.  
As was mentioned previously, the emission envelope of the two emitters changes with 
blend ratio.  This effect, however, is small and only amounts to small deviations from an 
otherwise straight line connecting two color points.  The EL spectra for the donor- and 
acceptor-alone PLEDs are (0.17, 0.09) and (0.55, 0.45), respectively.  The CIE coordinates 
for the blend PLEDs, however, tend to fall along a line between the donor EL and the 
acceptor PL (0.49, 0.50).  This is due to the different means by which the acceptor is 
excited – electron injection in the case of EL, and photon absorption in the case of PL.  
The emission spectrum of the acceptor excited by photon absorption more closely 
resembles that of the acceptor excited by Förster transfer than by charge injection.  The 
blend comprised of a 99.92:0.8 donor to acceptor ratio was shown to produce an 
emission closest to pure white, at (0.32, 0.32). 
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Figure 5-8: CIE coordinates of EL spectra of blends.  The CIE coordinate of the acceptor PL is also included.  CIE 
coordinates for the blend emissions fall along a straight line from the donor EL to the acceptor PL (not the red EL). 
Higher concentrations of acceptor (D:A=95:5) show CIE coordinates between the acceptor PL and EL coordinates.  
The inset shows the normalized spectra for a selected group of blends, showing the decrease in donor emission. 
The CIE coordinates of (0.32, 0.32) correspond to a color temperature of just over 6100K 
(for reference, the sun has a surface temperature of 5780K).  This is not to say that the 
emission of the blend, when used as an illuminant, will reproduce colors with the same 
fidelity as would a blackbody emitter.  Rather, the relative low luminance in the green-
appearing region near 500nm will reduce the color rendering index (13) to such that this 
particular blend will not be suitable for general lighting applications. 
Energy transfer in PFAT-PFBTB systems 
While Förster transfer does not involve the formation of a bimolecular complex, the two 
processes are not mutually exclusive.  Systems of molecules whose alignment of energy 
levels favor partial energy transfer and the formation of complexes such as exciplexes, 
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may also exhibit Förster transfer.  We have studied such a system of polyfluorene-
based, fluorescent materials obtained from Dow Chemicals (2)(14)(15).  The blue-
emitting donor was poly(fluorine-co-anthracene-co-p-tolylamine) (PFAT) and the red-
emitting acceptor was poly(fluorine-co-benzothiadiazol-co-thienyl-benzothiadizol) 
(PFBTB); the molecular structures of each are shown in Figure 5-9.  Electrochemical 
measurements give the HOMO-LUMO gap of PFAT to be 3.72 eV and the gap of PFBTB 
to be 2.39 eV.  Figure 5-9 (c) shows the energy level diagram for the PFAT-PFBTB system.   
 
Figure 5-9: Molecular structure for (a) blue-emitting donor poly(fluorine-co-anthracene-co-p-tolylamine) (PFAT) 
and (b) red-emitting acceptor was poly(fluorine-co-benzothiadiazol-co-thienyl-benzothiadizol) (PFBTB). (c) Energy 
level diagram for PFAT-PFBTB system. 
Figure 5-10 shows the photoluminescence and absorption spectra for thin films of PFAT 
(a) and PFBTB (b).  The PFAT absorption spectrum shows a single absorption peak at 379 
nm (3.27 eV).  Compared to the estimated HOMO-LUMO gap of 3.72 eV, it is clear that 
there is a significant difference between the optical and electrochemical gap of the 
molecule.  This suggests that when PFAT is electrically excited, there will be a significant 
relaxation before the material will emit.  The photoluminescence of PFAT has been 
decomposed in to constituent Gaussian peaks.  The highest energy fitted peak is 
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centered at 463 nm (2.68 eV).  Two additional lower energy peaks, centered at 488 nm 
(2.54 eV) and 522 nm (2.38 eV), complete the PFAT emission envelope.   
The PFBTB absorption spectrum shows two distinct peaks at 465 nm (2.67 eV) and 335 
nm (3.7 eV).  There is also a low energy shoulder near 570 nm (2.17 eV).  Like the case of 
PFAT, the dissimilarity between the absorption peaks and the measured electrochemical 
gap point to a large amount of energy released during molecular relaxation.  This is 
supported by the large stokes shift (0.86 eV) between the first decomposed emission 
peak at 649 nm (1.91 eV) and the 465 absorption peak.  The presence of the absorption 
shoulder at 565 nm implies that a photoexcited molecule decays non-radiatively to an 
intermediate trap state before emitting a photon.   
In Figure 5-10 (a), the red dashed line indicates the absorption spectrum of the PFBTB 
material.  As can be seen, there is very good overlap between the spectra suggesting 
that this system will exhibit efficient Förster transfer.  
 
Figure 5-10: Absorption (dashed line), photoluminescence (solid black line) and decomposition (solid red and blue 
line) for DOW Blue (a) and DOW red (b) polymers 
As seen in the energy level diagram of Figure 5-9, the PFAT-PFBTB system has an offset 
in the HOMO and LUMO values which would tend to promote partial energy transfer 
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from the donor to the acceptor (16)(17).  When an electric field is applied, this offset 
would tend to confine electrons in the PFBTB phase and holes in the PFAT phase.  The 
formed bimolecular complex is known as an exciplex.  The formation of such complexes 
is an important feature in regards to PLED design as the radiative exciplex decay will 
alter the emission spectrum of the blend. 
The energy of the emitted photon from an exciplex is the difference between the 
ionization potential of the donor molecule and the electron affinity of the acceptor 
molecule, less a small amount of energy from the coulombic interaction of the 
molecules ( )(16). 
 (5-9) 
Hence, exciplex formation is detected by the presence of an additional emissive element 
in the emission spectra for blends of PFAT and PFBTB.   
Figure 5-11 shows the PL (a) and EL (b) spectra of thin films made from solutions of 
PFAT-PFBTB blends of varying weight ratio.  The PL and EL spectra of the individual 
polymers are also included in Figure 5-11 for comparison.  Despite the low 
concentration of PFBTB compared to PFAT, it is clear that a small amount of PFBTB 
produces a disproportionately large flux of photons.  In PL measurements, at 1% 
concentration by weight, the peak PFBTB emission (within the range of 600-800nm) is 
greater than the peak PFAT emission.  In the case of EL, the peak emissions of PFAT and 
PFBTB are roughly equal at a red concentration of 0.6%.  This is clear evidence of Förster 
transfer of energy from the PFAT to the PFBTB as the disparity in volume and mass of 
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the two polymers would tend to favor only PFAT emission in the hypothetical absence of 
Förster transfer.   
 
Figure 5-11: Photoluminescence (a) and electroluminescence (b) of blends of DOW blue- and red-emitting polymers 
Interestingly, in both the EL and PL spectra, the addition of a small amount of PFBTB 
appears to blue-shift the red side of the emission when compared to the emission of 
PFBTB alone.  However, a decomposition of both the EL and PL emission spectra (shown 
in Figure 5-12) reveals that the apparent blue shift is the result of an additional emission 
centered at  610 nm (2.03 eV) for PL and 588 nm (2.11 eV) for EL.  This additional 
emission is the result of an exciplex forming between the donor and acceptor 
molecules.  The difference between the donor ionization potential and the acceptor 
electron affinity is 2.21 eV, giving the coulombic interaction between the molecules as 
 eV.  It should be noted that the exciplex emission is higher in energy than the 
Red F emission, which is typically not expected since  is less than the HOMO-
LUMO gap of either molecule (16)(18)(19).  As was discussed above, though, the 
discrepancy between the electrochemical gap and the absorption peak of PFBTB 
suggests that there is significant relaxation from the electrically excited state to where 
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the polymer will emit.  As a result, the single polymer emission energy can be less than 
the heterodimeric emission. 
Figure 5-12 shows the seven fitted Gaussian peaks for the EL (a) and PL (b) spectra of 
the samples made with the 99.4:0.6 blend.  The addition of this peak, positioned 
between the emission of the PFAT and PFBTB emission regions, appears to shift the 
emission of the red polymer. 
 
Figure 5-12: Decomposition of EL (a) and PL (b) for blends of PFAT and PFBTB with donor:acceptor ratio of 99.4:0.6 
The emission of this additional decay mode is in close agreement with the difference in 
DOW Red’s electron affinity and DOW Blue’s ionization potential (2.21 eV).   
Unfortunately, due to the presence of this additional exciplex decay mode, the method 
previously employed to extract the efficiency for Förster transfer is not applicable. With 
the addition of the exciplex formation constant, the Förster transfer efficiency becomes: 
 
(5-10) 
where  is the rate of exciplex formation.  This obliges an additional measurement to 
isolate the exciplex emission. 
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White light Emission from PLEDs using PFAT-PFBTB blend 
Single emission-layer PLEDs were fabricated with donor to acceptor blend ratios of 
99.4:0.6, 99.5:0.5, and 99.3:0.7.  The bottom-emitting devices were fabricated on ITO-
coated plastic (20).  The fabrication procedure has been reported previously (21). Figure 
5-13 (a) shows the luminance vs. voltage and current density while Figure 5-13 (b) 
shows the emission efficiency and power efficiency vs. luminance for a PLED fabricated 
with a PFAT:PFBTB ratio of 99.4:0.6.  The maximum luminance is 7366 cd/m2 with a turn 
on voltage of 5.6V.  The maximum emission efficiency is 1.96 cd/A and the maximum 
power efficiency is 1.09 lm/W. 
 
Figure 5-13: (a) Luminance vs. applied voltage and current density; (b) Emission and power efficiency vs. luminance 
for PLED on plastic substrate using 99.4:0.6 PFAT:PFBTB blend 
The decomposed EL spectra for PFAT and PFBTB are shown in Figure 5-14.  PFAT shows 
three peaks: the highest energy peak is centered at 456 nm.  The dominant peak is at 
483 nm while a broad peak which accounts for the blue emission’s long tail is centered 
at 514 nm.  Similarly, the DOW Red EL spectrum shows three peaks with the best fit 
revealing two main peaks at 621 nm and 665 nm and a broad emission centered at 732 
nm.   
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Figure 5-14: Electroluminescence (solid black line) and decomposition (solid red and blue lines) of DOW blue (a) 
and DOW red (b) polymers 
It has already been mentioned that these reference peaks cannot be used to determine 
the Förster transfer efficiency.  The utility of these peaks comes when analyzing the odd 
behavior of the emission CIE coordinates as the blend ratio changes.  As in the case of 
the PFO-MEHPPV system, the emission envelope of the emitters in the PFAT-PFBTB 
system change with blend ratio.  Unlike the PFO-MEHPPV system, though, the change in 
donor emission is quite drastic (Figure 5-15 (a)), resulting in a somewhat erratic 
progression of CIE coordinates (Figure 5-15 (b)), which does not seem to follow a line 
originating from the donor emission (the acceptor emission, by contrast, changes very 
little).  By decomposing the blend spectra and arithmetically reconstructing the blue 




Figure 5-15: (a) PFAT emission spectra reconstructed from the fitted blend spectra reveal an evolving emission 
envelope. (b)  The CIE color coordinates for the PFAT emissions, blend emission, exciplex emission PFAT and PFBTB 
emissions. 
Conclusions 
The emission color for polymer blends of fluorescent materials is highly dependent on 
blend ratio.  This is due not only to the critical dependence of Förster transfer on 
average molecular spacing (which is strongly affected by blend ratio) but also due to the 
uneven participation of fluorophores and vibrational modes in energy transfer.  Polymer 
blend systems which preferentially transfer energy from specific decay modes alter the 
fundamental emission colors, resulting in PLED emissions which may veer to the blue or 
red unexpectedly.  In addition, certain polymer blend systems promote the formation of 
bimolecular complexes.  When these complexes decay radiatively, the blend emission is 
altered accordingly, producing unexpected results.  Therefore, designers of white-
emitting PLEDs made from blends of fluorescent polymers must take in to consideration 
the non-linear combination of polymer emissions 
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Chapter 6  
Low Temperature, Thin Film 
Encapsulation for OLEDs 
Introduction 
One of the major factors which diminish OLED lifetime is exposure of atmospheric 
oxygen and moisture (1) to the device structure.  Oxygenated contaminants severely 
reduce the lifetime of organic devices (2).  Moisture can react with the low work-
function metal cathode, delaminating the electrode from the organic layers (3).  In 
addition, contaminants can degrade the hole transporting layer, reducing the efficiency 
of hole injection or react directly with the emissive layer (4), annihilating the active 
chromophores or quenching luminance (5).   
The presence of oxygen in emissive layers is not only a source of collisional quenching, 
photo-oxidation has been shown to cause specific chemical reactions in emissive 
polymer.  In studies of copolymers of 9,9-di-n-hexylfluorene and anthracene photo-
oxidation is known to cause the formation of flurornone defects by replacing the 
aliphatic chain with carbonyl groups at the 9 position (6).  The presence of the double 
bonded oxygen quenches the fluorescence of the unadulterated fluorene since excitons 
are likely to diffuse to that location.  Samples of polyfluorene-based polymers under 
exposure to oxygen show an increase in intensity from the excimer emission of the 
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fluoronone defect and an overall decrease in total luminance.  This is the source of the 
well known blue-green shift in the emission of polyfluorene-based OLEDs (7).   
In addition, the presence of moisture in the emissive region has been shown to cause 
crystallization of tris (8-hydroxyquinoline) aluminum layers (8).  Highly polar water 
molecules can, similar to oxygen, form luminance quenching centers, but the major 
effect of moisture is on the cathode/organic interface. 
The effect of oxidizing agents on the organic/cathode interface causes perhaps the most 
dramatic change in OLED performance.  As OLED devices age, the appearance of non-
emissive dark spots becomes evident.  These dark spots decrease the effective pixel size 
and emission intensity, severely limiting the device lifetime.  It is proposed that dark 
spot formation and growth is caused by oxygen and moisture diffusing through 
microscopic pinholes in the electrode.  This, in turn, can cause the formation of metal 
hydroxide at the electrode-organic interface causing delamination of the cathode from 
the organic layers (9) (3), or the formation of an insulating layer from the oxidation of 
the organic layer beneath (10).  Due to the low electron affinity of these materials, the 
cathode interface is highly susceptible to oxidation by atmospheric oxygen and water 
vapor.  Even with aluminum or silver capping layers, oxygen and moisture transmission 
quickly converts the conductive metal layer to its oxidized form (11).  For the calcium 
cathodes used the OLEDs employed in this study, the reaction is: 
 (6-1) 
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Figure 6-1 shows the effect of this oxidation on a green-emitting, polyfluorene-based 
OLED with a Ca/Ag cathode.  Figure 6-1 (a) is the OLED while under operation with an 
applied voltage of 10V.  The dark spots nucleate at the location of pinhole defects in the 
electrode and gradually expand as oxygen and moisture diffuse in to the device.  Figure 
6-1 (b) shows the surface of the OLED when the device is turned off.  It is clear from this 
image that the origin of the dark spots is the region of morphological change shown in 
this image.  Figure 6-1 (c) is a 50x magnification of this region.  Within the circular 
regions which give rise to the dark spots (shown in greater detail in Figure 6-1 (d), a 
100x magnification), a color gradation from dark blue at the edges of the circular regions 
to dark red at the center appears.  This pattern is the result of wavelength filtering 
caused by deconstructive interference of light passing through the calcium 
oxide/hydroxide layer and reflecting off the silver electrode.  A careful examination of 
the images reveals a small hole at the center of each of the circular regions.  This 




Figure 6-1: Dark spot growth from oxidation and delamination of the cathode. (a) Evidence of dark spots forming 
while the device is illuminated. (b) Image of the OLED surface after operation. (c) Detail of surface at 50x 
magnification. (d) 100x magnification 
Encapsulation Techniques 
Encapsulation of the OLED structure within a protective shell has been employed by 
many researchers as a way to protect the delicate device and extend the useful lifetime 
of the OLED (12) (13) (14).  Encapsulation works by fabricating a passive structure 
around the OLED which is impenetrable to atmospheric oxygen and moisture.  The 
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reduction in exposure to atmospheric oxygen and moisture extends the usable lifetime 
of the device.  The most effective structure to accomplish this is the subject of active 
research.  For encapsulation schemes to be useful for commercial applications, it is 
estimated that the water-vapor transmission rate (WVTR) and oxygen transmission rate 
(OTR) must be better than 1x10-6 g/m2-day and 1x10-5 cm3 (STP)/m2-day, respectively 
(12). 
One of the first encapsulation methods employed towards this end is the addition of a 
rigid, transparent cap, adhered to the device by a bead of epoxy around the device 
structure (12) (13), as shown in Figure 6-2.  
 
Figure 6-2: Schematic of rigid encapsulation structure 
Rigid encapsulation schemes have the drawback in that the glass or metal cover is often 
bulky and heavy, properties that make this solution ill-suited for display applications.  In 
addition, for flexible OLED applications, the use of a rigid encapsulation structure would 
be counter-productive.  One method to overcome this is to laminate a flexible plastic 
cap with barrier layers and use an epoxy to seal this cap to the device as shown in Figure 
6-3.  While flexible caps can be made thin enough for display applications, their efficacy 
is limited by the use of the epoxy sealants.  Epoxies which have low WVTR and OTR are 
typically rigid (14), which works against the advantages of a thin, flexible cap. 
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Figure 6-3: Schematic of encapsulation scheme utilizing flexible cap 
Thin film encapsulation schemes (TFES), on the other hand, use thin film deposition 
techniques such as plasma-enhanced chemical vapor deposition (PECVD), sputtering and 
other physical vapor deposition techniques to fabricate a stack of conformal, pinhole-
free barrier layers.  This type of encapsulation has a much thinner form factor, which is 
needed for display applications.  In addition, with the fabrication of low-stress 
structures, it is possible to encapsulate devices on flexible substrates.  Additionally, 
since a TFES is fabricated directly on the device, there is no concern for abrasion of the 
OLED surface. 
 
Figure 6-4: Schematic of thin films encapsulation scheme  
The deposition process for TFESs, however, must be commensurate with the organic 
devices.  This limits the deposition techniques applicable to TFESs to those which do not 
involve harsh organic solvents or cause undue stress to the devices.  There are a number 
of criteria that a TFES must meet in order to be applicable to OLED encapsulation. 
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Encapsulation Criteria 
1. Low oxygen and moister transmission rates – The highest priority of any thin 
films encapsulation technique is to effectively block the diffusion of oxidizing 
agents.  It has been estimated that in order for OLEDs to be commercially viable, 
encapsulation schemes should reduce the oxygen transmission rate (OTR) and 
water vapor transmission rate (WVTR) to the maxima of 10-5 cm3(stp)/m2-day 
and 10-6 g/m2-day, respectively (12; 15). 
2. Low Temperature – Owing to their typically low glass-transition temperatures 
and melting points, organic materials are particularly sensitive to exposure to 
heat.  For instance, polyfluorene and polyfluorene copolymers have glass 
transition temperatures between 80ºC and 130ºC (16) (17).  The small molecule 
Alq3 has a glass transition temperature of 177ºC (18).  Deposition methods must 
be low temperature to accommodate these restrictions. 
3. Low Ion bombardment – Similarly, organic materials can be damaged by 
excessive exposure to high energy ions bombarding the surface.  This is a 
concern when employing plasma-based deposition processes such as PECVD or 
RF sputtering, both of which accelerate ions towards the substrate through high 
DC biases.  The deposition conditions must be such that these DC biases are kept 
to a minimum, while still providing sufficient energy to coat the OLED at an 
appreciable rate. 
4. Conformal coverage – Deposited films must completely coat the underlying 
devices.  While feature sizes for OLEDs are typically large, sidewalls at the edges 
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of the OLED electrodes do exist and deposition methods must be able to protect 
these sensitive areas, i.e. there should be no shadowing effect. 
5. Dense, pinhole-free films – Porous and pinhole-ridden films lead to accelerated 
rates of moisture and oxygen diffusion.  In turn, moisture absorption in to the 
encapsulant films can further degrade the quality of the encapsulation, speeding 
up the degradation of the device.  Pinhole density and film density are functions 
of the deposition conditions and, as such, processes should be designed with this 
criteria in mind. 
6. Near-Zero stress – Highly stressed encapsulation films have short effective 
lifespans.  As the film relieves the internal stress, the mechanical properties of 
encapsulation scheme degrade.  A number of failure mechanisms for highly 
stressed inorganic films are described below.  Low-to-zero stress films maintain 
their barrier properties and, in addition, can be incorporated in to device 
structures on flexible substrates. 
Low-Temperature Plasma-Enhanced Chemical Vapor Deposition 
One deposition technique which has the potential to meet these rigorous requirements 
is PECVD (19).  PECVD has the ability to deposit conformal, dense films at low 
temperature without the use of chemicals which may damage the underlying devices.  
In PECVD systems, thin films are fabricated by blending reactive gasses and adding these 
mixtures to chambers containing process’ substrates.  Deposition proceeds when 
enough energy is supplied to the gas to induce chemical reactions on the substrate 
surface.  In low temperature PECVD systems, this energy is supplied by forming a plasma 
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by ionizing the reactive gasses.  The plasma is formed by ionizing the gasses and 
sustained by continuous electron bombardment of the gas molecules.  The electron 
bombardment gives rise to a menagerie of reactive and excited species as the high 
energy electrons spur on the complex plasma chemistry.  The reactive species adsorb to 
the substrate surface where they diffuse and react with other adsorbed species, 
growing the desired film.  The plasma can be formed a number of ways, and the type of 
PECVD system is classified by how the plasma is formed. 
In this study, two types of PECVD systems were used.  The first is termed capacitively 
coupled and generates plasma by coupling an RF signal to the reactive gas by means of, 
expectedly, a capacitor.  Figure 6-5 shows the schematic for a capacitively coupled 
PECVD (20).  The chamber is arranged with two electrode.  Substrates are placed on the 
bottom electrode, which is equipped with a heating element and can be either 
grounded or biased with a negative DC voltage.  The top electrode is connected to an RF 
power supply.  Process gasses are introduced to the chamber through the upper 
electrode, which typically has a showerhead design to efficiently introduce gasses 
directly in to the plasma.  The plasma is established between the electrodes by the 
application of an electric field typically at 13.56 MHz.  Due to the higher mobility of the 
electrons within the plasma, a DC bias develops between the plasma (positive, due to 
the high concentration of nuclei) and the electrode.  This DC bias accelerates reactive 
ions to the surface of the substrate.  One drawback of a capacitively coupled system is 
that the plasma current and the DC bias cannot be independently controlled. 
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Figure 6-5: Schematic of a capacitively coupled PECVD system 
Alternatively, energy can be coupled to the plasma by means of a microwave signal.  In 
an electron cyclotron resonance system (ECR), microwaves are coupled to the gas 
chamber through a quartz window (21).  The microwaves are right-hand circularly 
polarized, which heats the electrons until they dissociate from the atom, forming a 
plasma.  Figure 6-6 shows a schematic of an ECR system.  ECR PECVD typically produces 
dense plasmas (22).  Microwave coupling does not, however, generate a DC self bias.  
Thus, an RF or DC source must be applied to the substrate holder if ion acceleration is to 
be used during deposition.  This allows independent control of the plasma current and 
the DC bias. 
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Figure 6-6: Scematic of electron cyclotron resonance PECVD 
Both systems have the ability to deposit at low temperature.  This is a non-trivial matter 
as most PECVD processes utilize higher temperature to produce denser films.  The high 
substrate temperatures (200-400ºC or higher) increase the mobility of adsorbed reactive 
species, allowing them to fill in microvoids – forming a dense layer – and increasing the 
reaction rate between molecules.  Since encapsulation of OLEDs requires lower 
substrate temperature, a number of issues arise which must be experimentally 
overcome. 
Low Temperature Concerns 
The deposition conditions for amorphous silicon nitride (a-H:SiNx), amorphous silicon 
oxide (a-SiOx) and amorphous carbon (a-C) are often developed for the semiconductor 
industry wherein deposition temperatures of 200˚C, 380˚C or higher can be used.  The 
116 
glass transition temperatures of many of the polymeric materials used in the fabrication 
of OLEDs is typically less than 150˚C.  As a result, deposition recipes cannot be 
transferred wholesale from inorganic processes to OLED passivation as these conditions 
would damage the delicate organic layers underneath.  Moreover, pinhole density, film 
stress, film density and deposition rate are highly dependent on deposition temperature 
and power.  Hence, the development of low temperature and low power recipes for 
effective TFESs is non-trivial. 
The incorporation of hydrogen in to silicon nitride and silicon oxide films is a consistent 
concern for depositing dense barriers, as hydrogen chemically bonds to silicon, nitrogen 
and oxygen.  There is a direct linear relationship between the hydrogen content of a film 
and the buffered HF etch rate (23).  HF etch rate is an indication of film density (lower 
density leads to higher etch rate), which suggests that hydrogen content is a leading 
factor in reducing the density of deposited films.  Van Assche et. al. (24) report that 
increasing the density of nitride films deposited via low temperature PECVD does not 
significantly increase the properties of encapsulating films (namely oxygen and moisture 
diffusion) indicating that the permeability of the films is dominated by defect density. 
Deposition temperature has a strong effect on the quality of the forming surface and, as 
a result, the bulk mechanical properties of the film.  The formation of pinholes and 
surface irregularities in films grown by chemical vapor deposition processes minimizes 
the mean surface energy of the developing film.  The diffusion of atoms from surface 
flats to surface irregularities (a process which would result in smooth, layer-by-layer 
growth and, hence, denser films) is impeded by barriers to diffusion at the edges of 
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these irregularities.  Higher deposition temperatures increase the diffusion rate of 
diffusing atoms on the growing surface of the deposited film and the additional thermal 
energy allows these diffusing atoms to overcome diffusion barriers, effectively 
smoothing out the surface irregularities and increasing the film density.  At low 
temperatures, diffusing atoms on the surface have little thermal energy to overcome 
these barriers and “fill in” the gaps in the forming surface.  Hence, a small hole in an 
otherwise smooth monolayer can expand as future layers are added to the film.  The 
result is less dense films which provide a less effective barrier to atmospheric oxygen 
and moisture diffusion.  As the temperature of these processes is lowered in order to be 
commensurate with the thermal requirements of the OLED materials, conditions will 
need to be altered to compensate for the decrease in film density. 
One condition to control is the deposition rate.  High deposition rates decrease film 
density by increasing the rate at which diffusing atoms on the forming surface nucleate 
and form surface irregularities since a larger number of diffusing atoms on the surface 
increases the probability of diffusing atoms collide.  Dimer, trimer and larger grouping of 
surface atoms have significantly lower diffusion rates than single atoms and are much 
less likely to diffuse to gap locations.  Conversely, low deposition rates effectively give 
diffusing atom additional time to diffuse to these locations before nucleating with 
another atom and becoming effectively immobile (25). 
Structural Integrity 
Deposition at low temperature tends to increase the porosity of PECVD thin films (26).  
It has been suggested that the lower substrate temperature leads to lower surface 
118 
mobility of deposited radical species during the deposition process.  As a result, 
adsorbed radicals are more likely to arrange in such a manner as to promote microvoids 
in the growing structure (27).  In addition, the chemistry of the growing films can be 
altered by the lower deposition temperature.  It has been observed in a-H:SiNx films that 
the concentration of Si-N bonds decreases with decreasing temperature (28), suggesting 
that lower temperatures promote the inclusion of hydrogen within film structure.  The 
result is less dense, loosely packed films which may have greater oxygen and moisture 
transmission rates than films prepared at higher temperatures. 
Pinhole formation 
Pinholes are highly dependent on deposition temperature and substrate conditions (29).  
Surface tension due to surface morphology or particulate contamination can seed small 
gaps in the growing surface.  At the edge of these gaps, surface tension inhibits the 
diffusion of atoms in to these gaps, thus enlarging the pinhole as the surface forms.  This 
process is exacerbated by low substrate temperatures leading to high pinhole density at 
deposition condition below 300˚C (30) . 
Particulate contamination 
 Particulate contamination of barrier films greatly decreases the efficacy of the barrier 
(15).  Larger contaminants (whose dimensions exceed the thickness of the thin film) 
degrade the efficacy of the barrier by becoming dislodged from the TFES during device 
operation.  This leaved a hole in the encapsulation, through which oxygen and moisture 
can easily diffuse and degrade the cathode-organic interface, or quench luminance 
within the emission layer.  When the dimensions of the particulate contaminant are on 
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the order of or smaller than the thickness of the film, contaminants are permanently 
embedded within the film.  Though they do not dislodge, they greatly decrease the 
overall density of the film which leads to increased oxygen and moisture diffusion. 
Particulate contamination is mainly a function of sample handling and chamber 
cleanliness (31), however, it should be noted that in low temperature processes, particle 
formation within the chamber seems to occur with greater eagerness.  The most likely 
explanation for this comes from the larger porosity of films grown on the upper 
electrode and walls of the chamber at low temperatures (31).  The deposition process 
deposits films on both the upper and lower electrodes, since ions formed within the 
plasma are accelerated towards both negatively charged electrodes.  However, only the 
bottom electrode is heated and, while the temperature of the upper electrode is raised 
somewhat by conduction of heat from the lower electrode through the chamber, or by 
radiation, there is a large difference in temperature between the electrodes.  This 
results in a much higher porosity in the growing film on the upper electrode and, in turn, 
a much less mechanically robust film.  This may be a design feature of PECVD tools, as 
the reduced mechanical stability of this film makes the upper surface easier to clean, 
but as the temperature decreases, the likelihood of small particles becoming dislodged 
and seeding larger particles as they fall through the plasma increases.   
Particles take on a negative charge within the plasma and are suspended by 
electrostatic forces along the plasma sheaths (32) (33).  If the particles grow large 
enough, gravitational force will overcome electrostatic force and the particle will fall to 
the surface where the negative charge will attract the positive reactive species diffusing 
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on the surface.  Otherwise, the particles will remain suspended over the wafer until the 
RF excitation of the plasma is removed and the particles fall to the wafer.   
The inclusion of particles in the growing film alters the morphology of the surface which 
leads to high localized surface tension around the contaminant.  This can thin the 
encapsulation around the particle forming areas of diminished barrier quality, or the 
particle can form the seed for stress-induced cracking and/or buckling.  In addition, if 
the particle is large enough, it may become dislodged after deposition, leaving a large 
hole in the encapsulation though which atmospheric oxygen and moisture may diffuse 
to the organic device.  Regardless, the higher contamination rate spurred on by lower 
temperature deposition and the increased likelihood of particulate contamination as the 
deposition time is increased, requires a balance between the maximum film thickness 
possible within a single deposition and the necessity for particle-free films. 
High compressive stress 
Because of the difference in thermal expansion coefficients of the PECVD film and the 
substrate (Si = 2.49 µm/m-°C, SiNx = 2.80 µm/m-°C, SiOx = 8.10 µm/m-°C, at 25 C (34)), 
compressive films are to be expected at low deposition temperatures (35).  The film 
stress, as measured after deposition, can be expressed as (36): 
 
(6-2) 
where  and  are the thermal expansion coefficients for the film and substrate, 
respectively.  is the elastic constant of the film,  is the Poisson’s ratio of the film,  
is the deposition temperature,  is the temperature at which the sample was measured 
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and  is the intrinsic stress of the film.  Consequently, as the deposition temperature is 
lowered, the film stress is reduced as well.  Residual stress in PECVD films is a critical 
parameter as highly stressed films are subject to a number of failure mechanisms. 
Stress-Induced Failure 
Thin films with high residual stress, both tensile and compressive, are subject to 
cracking.  In tensile stressed films, cracks will form as a local region of the film contracts.  
If the adhesion of the film to the surface is poor, this will be accompanied by 
delamination as the edges of the crack are pulled away from the surface.  Compressive 
stressed films fail depending on the adhesion of the film to the surface.  If the adhesion 
is good, spalling can occur as the lateral stress forcibly ejects a portion of the film 
outwards.  If the adhesion is poor, the film can buckle as segments of the film 
delaminate from the surface.  These failure mechanism are depicted in Figure 6-7. 
 
Figure 6-7: Schematic of stress-induced film failure.  Compressive stress with poor film adhesion leads to buckling 
(a); compressive stress with good adhesion leads to spalling (b); tensile stress can lead to film cracking (c). 
 
Although intrinsic stress can be influenced by the surface morphology of the substrate, 
the flat surfaces involved in OLED fabrication leave PECVD deposition conditions as the 
primary factor determining residual stress in films.  It is generally possible to adjust the 
PECVD deposition conditions (temperature, RF power, gas concentration and pressure) 
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to produce stress free silicon nitride and silicon oxide films (31).  However, in order to 
be commensurate with the properties of the organic materials in use, the temperature 
for these processes must remain low.   
Amorphous Silicon Oxide Deposition Chemistry 
a-H:SiOx is deposited through the reactive combination of silane (SiH4) and an oxygen 
source, such as nitrous oxide (N2O) (37).  Although, a-H:SiOx can be produced with other 
sources of oxygen than N2O, the reaction between SiH4 and molecular oxygen (O2) is 
highly energetic and produces excessive heat within the deposition chamber.  Non-
reactive gasses are sometimes added to the chamber to help establish dense plasma.  
Electron bombardment within the plasma dissociates the process gasses in to a 
menagerie of molecular species.  The most important of which are those radical species 
which either diffuse to the substrate surface and react directly, or which form chemical 
precursors which, subsequently diffuse to the substrate.  The primary radical formed are 
 and .  In the presence of a high concentration of hydrogen, hydroxyl radicals, 
, are produced, leading to the formation of silanol molecules (Si(OH)n) within the 
plasma (38).  These silanol molecules are incorporated within the growing film and lead 
to highly polar segments of the silicon oxide network which act as a bridge for moisture 
diffusion within the film.  The most desirous reaction for the purposes of forming dense 
films occurs between the radicals  and  after mass transport has brought them 
to the substrate surface. 
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Amorphous Silicon Nitride Deposition Chemistry 
a-H:SiNx is deposited through the reactive combination of silane, ammonia (NH3), and 
molecular nitrogen (N2).  Non-reactive gasses (He, Ar) are sometimes used to establish 




as well as the radical species of each product. 
When the reaction consists of species originating from SiH4 and NH3, the formation of 
precursors precedes the development of the a-H:SiNx film.  The most prevalent of these 
precursors comes from the reaction of the radical species of SiH2 and NH2 to tetra-
aminosilane and the radical triaminosilane: 
 
(6-4) 
Radical triaminosilane and tetra-aminosilane react on the surface of the substrate and 
form the nitride film as  is eliminated from the film.  Since silane dissociates more 
readily than ammonia, the formation of radical triaminosilane and tetra-aminosilane is 
highly dependent on the silane/ammonia ratio (39).  When this ratio is high, disilane 
( ) tends to form, leading to silicon-poor, porous films. 
When the reaction consists of species originating from SiH4 and N2, no precursors are 
formed (40) (38).  Instead, Si-N bonds are created through surface reactions between 
 and  on the substrate.  Depositions consisting only of SiH4 and N2 would, as a 
result, contain fewer N-H bonds because of this lack of N-H-laden precursors (41).  
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Amorphous Carbon Deposition Chemistry 
a-C films can be produced via PECVD (22) from a large array of carbon sources.  The 
deposition rates of the a-C films largely depend on the ionization potential (IP) of the 
precursor gas with high IP gasses, such as methane (IP=12.615 eV (42)) having relatively 
low deposition rates and the deposition rate increasing linearly as the IP decreases. 
The primary qualities which determine the properties of the a-C film are the ratio of sp3 
to sp2 bonding and the inclusion of hydrogen within the film.  Indeed, the composition 
of a-C films can be presented on a ternary phase diagram as shown in Figure 6-8 (22).  
Higher percentages of sp3 bonds yield films with higher mechanical hardness and 
chemical and electrochemical inertness.  Diamond, for example, contains 100% sp3 
bonds with no incorporated hydrogen and has a density of 3.515 g/cm3 and a hardness 
of 100 GPa (43).  Conversely, higher percentages of sp2 bonds lower the mechanical 
strength of the film.  Glassy carbon is composed entirely of sp2 bonds and has a density 
of 1.3 g/cm3 and a hardness of 3GPa.  The incorporation of hydrogen in to the films is 
also a cause of decreased mechanical robustness. 
 
Figure 6-8: Ternary phase diagram for amorphous carbon films 
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The ratio of sp3 to sp2 bonding is highly dependent on the ion energy per carbon atom.  
Ion bombardment is the key physical process which leads to high fractions of sp3 
bonding and, thus, to mechanically robust films (44).  In capacitively coupled PECVD 
tools, the ion energy is determined by the RF power, which establishes the DC bias 
voltage between the substrate and the plasma.  The highest fractions of sp3 bonds are 
produced with high bias voltages which produce ion energies of about 100 eV (22).   
This is an important property for the development of films to be used with organic 
devices.  High energy ions incident on soft organic substrates can damage the films by 
implanting in the film, producing conduction pathways and quenching centers or by 
causing chemical changes to the delicate organic film.  It is clear that high quality a-C 
films can only be incorporated in to encapsulation schemes after the deposition of a 
buffer layer to protect the organic device. 
Encapsulation Failure Mechanisms 
Thin film encapsulation can fail by a number of mechanisms which can be broadly 
classified in to two categories: 1) failure by mechanical faults and 2) failure by chemical, 
physiochemical and electrochemical faults.  A third category could be said to be a 
combination of the first two categories, such as adsorption-induced stress corrosion 
cracking, which has been widely studied in silica glass and amorphous silica (45) (46). 
Water Adsorption 
The adsorption of water proceeds by hydrogen bridging at dangling hydrogen bonds on 
the film surface.  This can lead to further chemical degradation of the encapsulation by 
hydrolysis.  Hydrolized Si-O and Si-N bonds form silanol which, due to its high polarity, 
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bind to water molecules increasing the moisture diffusion rate and, as a result, the 
absorption of moisture in to the film.  Inorganic films, similar to organic films, swell 
when suffused with moisture, stressing the film and leading to fracture. 
Oxidant Absorption 
Water, oxygen and small ionic impurities diffuse, albeit slowly, in to the inorganic films 
causing internal corrosion which can severely degrade the quality of the films.  As has 
been noted, this process is often started and exacerbated by the adsorption of moisture 
to the encapsulation surface.  Silanol formation, a phenomenon in surface adsorption, 
also becomes a problem for film quality as moisture and ions diffuse in to the film as 
silanol formation tends to eliminate nitrogen and silicon from the film.  While 
absorption is an important concern for the longevity of encapsulant films, the diffusion 
constant of ions and moisture in inorganic films such as silicon oxide and silicon nitride is 
on the order of 10-18 cm2 s-1 (47) (48), which means that failure of encapsulation will 
most likely be cause by faster processes such as stress cracking and dislodging of 
particulate contaminants.  Never-the-less, as the efficacy of encapsulation schemes 
improve, these chemical mechanisms will have increasing influence over the lifetime of 
passivated OLEDs. 
Development of Low Temperature Encapsulation Schemes 
Strategically, the development of effective encapsulation schemes first involves the 
development of high quality thin films at low temperature.  Much of the work done in 
this project is devoted to that step.  Once high quality films have been developed they 
are used to build up stacks of thin films until a multi-layered structure has been 
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fabricated atop the organic devices.  Thus, the first step consists of developing low 
temperature recipes for silicon nitride and silicon oxide.  This work proceeded using the 
GSI PECVD tool located in the MNF at the University of Michigan.  As suggested above, 
the main focus of this segment of work was to produce low stress films with little 
particulate contamination. 
Development of Amorphous Silicon Nitride and Amorphous Silicon Oxide Films 
Amorphous Silicon Oxide Films Using GSI PECVD Tool 
Amorphous Silicon oxide was produced by flowing a small amount of siliane with an 
overabundance of nitrous oxide (N2O).  Helium (He) was added to the chamber to help 
establish dense plasma.  Table 6-1 show the deposition conditions and the resultant film 
properties for silicon nitride deposited in the GSI PECVD tool.  At low temperature, it is 
important to prevent the formation of silanol molecules within the plasma.  Thus, the 
ratio of nitrous oxide to silane was set very high (>44) to ensure that the plasma 
composition has an abundance of oxygen radicals relative to hydrogen radicals.  This 
promotes the formation of Si-O bonds over reactions between silicon and hydroxyl 
radicals. 
GSI PECVD – Silicon Oxide 
SiH4 (sccm) 45 Deposition Rate (Å/s) 92.96 
N2O (sccm) 2000 Index of Refraction 1.54 
He (sccm) 250 Film Stress (MPa) -41.9 
(compressive) 
Pressure (Torr) 2.6   
RF (W @ 13.56 MHz) 300   
Temp (C) 100   
Table 6-1: Deposition conditions and film properties for silicon oxide deposited in the GSI PECVD tool 
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The deposition rate for this recipe was found to be almost 93 Å/s.  The index of 
refraction for these films was found to be 1.54, which can be indicative of hydrogen 
content, porosity or the ratio between SiO and SiO2 type bonds.  Pure SiO2 has an index 
of refraction of 1.42 while higher indices of refraction are associated with higher 
concentrations of SiO type bonds (49).  The ratio of SiO to SiO2 bonds can be controlled 
by varying the partial pressure of silane in the chamber during deposition (50).  This 
ratio, however, was not a parameter under study as the concentration of defects in the 
deposited film was of far greater consequence to the overall efficacy of the barrier film.   
The residual stress of 1000Å films produced from the above recipe was found, at room 
temperature, to be -41.9 MPa (compressive).  Stress-free a-H:SiOx films have been 
fabricated with tetramethylsilane (51) as the reactive gas, but films produced from 
mixtures of SiH4 and N2O tend to be compressive only.  Rapid thermal annealing has 
been shown to significantly reduce residual stress in a-H:SiOx films and even reverse the 
radius of curvature for deposited films, changing compressive films to tensile (52).  This 
process, however, involves substrate temperatures of up to 900˚C, which is unsuitable 
for use in the passivation of OLEDs.  During this work, no process was found which 
produces stress-free or tensile a-H:SiOx films. 
Figure 6-9 shows the FTIR spectra of a-H:SiOx deposited at low- and high-temperatures 
in the GSI PECVD tool.  Stoichiometric films of silicon oxide have three peak representing 
the SiO wagging (450cm-1), stretching (1080 cm-1), and bending (800 cm-1).  The 
incorporation of hydrogen produces a number of peaks between 2000 cm-1 and 2265 
cm-1 and, if silanol (Si-OH) is present, a peak at 3650 cm-1.  Both spectra exhibit strong 
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Si-O absorption peaks with moderate amounts of hydrogen absorption as indicated by 
numerous small peaks in the 2000-2265 cm-1 range, though there is not a significant 
increase in the intensity of Si-H relative to the Si-O peak strength.  This indicates that 
hydrogen incorporation in to low-temperature PECVD oxide films is not a significant 
barrier to the production of films for barrier applications.   
Si-OH absorption (3620 cm-1) is more significant in the high temperature film than in the 
low temperature film.  This is an indication of silanol incorporation.  Highly polar, silanol 
bonding is known to enhance absorption of moisture by the oxide film by binding to 
adsorbed water molecules.  This may be an indication that the high oxygen to silicon 
ratio in the process gasses is an effective means for preventing silanol incorporation 
within oxide films. 
 
Figure 6-9: FTIR of SiOx deposited at high and low temperature in the GSI PECVD 
 



























Amorphous Silicon Nitride Films Using GSI PECVD Tool 
The deposition parameters of a-H:SiNx films were widely varied in order to the effect of 
deposition parameters on film quality.  Low temperature nitride films were produced in 
the GSI PECVD tool with an ammonia:silane ratio ranging from 4.3:1 to 20:1.  An 
overpressure of nitrogen was also used in these processes to ensure the complete 
conversion the added silane.  Helium was also flowed during deposition.  The pressure 
was varied from 1.4 to 2 torr with an RF power at 13.56 MHz of ranging from 300 to 
500W and auxiliary RF power at 400 kHz was varied from 40 to 60W.  Table 6-2 shows 
the deposition conditions and film properties for samples prepared.  
Table 6-2: Deposition conditions and film properties for amorphous silicon nitride deposited in the GSI PECVD tool 
Many of the recipes used in this set of samples produced unacceptable levels of 
particulate contamination.  This is most likely due to the abundance of gasses within the 

























D1 130 51 990 500 250 2 400 40 1.734 -136.4 
D2 130 51 990 500 250 1.8 400 40 1.761 -316 
D4 130 51 990 950 250 1.5 500 60 1.784 -687.4 
D6 130 93 400 950 250 1.5 320 60 1.95 -209.5 
D7 130 93 400 950 250 1.8 320 60 1.782 -124.3 
D8 130 93 400 950 250 1.4 320 60 2.039 -266.2 
D9 100 93 400 950 250 1.4 320 60 1.75 -197.2 
D10 100 93 400 950 250 1.5 320 60 1.771 -212.2 
D11 100 93 400 950 250 2 320 60 1.773 10.35 
D12 100 93 400 950 250 2.6 320 60 1.795 -98 
D3 100 93 400 950 250 2.6 320 60 0 -41.35 
A 100 93 400 950 250 1.4 320 60 1.818 -190.4 
B 100 93 400 950 250 1.4 320 60 1.798 -134.4 
C 100 93 400 950 250 1.4 320 60 1.764 -200 
D 100 93 400 950 250 1.4 320 60 1.259 -174.5 
E 100 93 400 950 250 1.4 320 60 1.426 -148.7 
D(a) 100 93 400 950 250 1.4 320 60 0  
F 100 15 900 950 250 1.4 320 60 0 -193.7 
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which are comparatively large for a deposition chamber which can only accommodate a 
single 4-inch wafer at a time.  As a result the full scale gas flow parameters are well 
above those needed for deposition.  In addition, the size of the GSI chamber throttle 
valve makes control of the chamber pressure below 1 Torr difficult.  As a result of these 
two factors, the chamber contained an overabundance of reactive gasses during 
deposition, which often led to plasma-phase reactions of the gasses, sprinkling the 
growing surface with nanoscopic and microscopic particulate contamination.   
Figure 6-10 shows stress vs. deposition pressure for films deposited in the GSI PECVD at 
100 and 130˚C and with ammonia to silane ratios of 4.3 and 19.4.  The data shows a 
strong tendency to produce highly compressive films, especially at lower pressures.  
Indeed, only one sample from this set shows tensile stress (100˚C at 2 torr produces 
films with tensile stress of 10.4 MPa).  The stress of samples produced at higher 
pressures than those reported could not be measured as for thickness above 100nm, 




Figure 6-10: Stress vs. Pressure for silicon nitride films deposited at low temperature in the GSI PECVD 
The index of refraction, as shown in Figure 6-11, tends to increase with increasing 
chamber pressure.  This is indicative of denser, more silicon-rich films.  The target index 
for stochiometric silicon nitride films is 2.0. 
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Figure 6-11: Index of refraction vs. chamber pressure for silicon nitride films deposited at low temperature in the 
GSI PECVD 
Figure 6-12 shows the FTIR spectra of silicon nitride films deposited at 100˚C and 380˚C 
in the GSI PECVD tool.  Both spectra show strong absorption peaks at the Si-N stretch 
mode (865 cm-1).  The low-temperature film show significantly higher absorption of 
atomic hydrogen as the absorption peaks for the N-H wag (1183 cm-1) and N-H stretch 
(3350 cm-1) modes are much more pronounced when compared to the intensity of the 
SiN absorption peaks.  SiH vibration modes (2000-2265 cm-1) and the NH2 mode (1550 
cm-1) are both present in films regardless of temperature.  The higher absorption for the 
N-H bonds indicates a higher hydrogen content and, hence, a less dense film.  The FTIR 




Figure 6-12: FTIR spectra of low- and high-temperature silicon nitride films deposited in the GSI PECVD 
Measurement of Encapsulated OLED Samples  
Encapsulation schemes were deposited on Alq3-based OLEDs (53).  The details of this 
device are described in Ref. 52.  Lifetime testing was performed outside the University 
of Michigan by placing the devices in an environmental chamber at 85 C and 85% 
relative humidity and imaged while under operation once a day.  The stressing of the 
devices in the 85 C/85% testing chamber is meant to accelerate the deterioration of the 
device until it undergoes catastrophic failure.  The efficacy of the encapsulation scheme 
is judged on the longevity of the OLED under these conditions. 
Encapsulation with Alternating a-H:SiNx and a-H:SiOx films 
From the above trials, it was determined that the recipe shown in Table 6-3 in 
conjunction with the oxide recipe shown in Table 6-1 would provide the greatest 
chances for successful encapsulation of the OLED samples.     
 































GSI PECVD – Silicon Nitride 
SiH4 (sccm) 51 
NH3 (sccm) 990 
N2 (sccm) 500 
He (sccm) 250 
Pressure (Torr) 2.0 
RF1 (W @ 13.56 
MHz) 
400 
RF2 (W @ 400 kHz) 40 
Temp (C) 100 
Table 6-3: Final amorphous silicon nitride recipe produced in GSI PECVD tool 
In the trials below, OLED samples were fabricated by a collaborator outside the 
University of Michigan.  The samples were transported to Ann Arbor where they were 
encapsulated within the Michigan cleanroom facility and shipped back to the 
collaborator for testing.  The sample ID for OLEDs which were part of this collaboration 
begin with the letters ‘EM’. 
OLED sample EM01 was encapsulated with 6 bilayers of alternating nitride and oxide 
films.  OLED sample EM01-1 was encapsulated with 12 alternating layers of 4000Å films 
with nitride on the bottom, EM01-2 with 12 alternating layers of 4000Å films with oxide 
on the bottom, EM01-3 with 12 alternating layers of 6000Å films with nitride on the 
bottom, and EM01-4 with 24 alternating layers of 2000Å films with nitride on the 
bottom.  All encapsulation schemes were done in the GSI PECVD tool.  For each run, the 
samples were unloaded to a load lock at the midpoint of the deposition and a chamber 
clean routine was performed.  Figure 6-13 (a-d) show the lifetime images for the sample 
set EM01.  Images of the device operation at time 0 hours (having spent no time in the 
85 C/85% testing chamber) show a significant number of small dark spots.  Most of 
these spots do not grow in time and are most likely caused by device exposure to 
moisture before encapsulation.  A number of spots, however, grow very rapidly after 
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exposure to the 85 C/85% testing chamber.  These are most likely due to particulate 
contamination during deposition.  After 24 hours of exposure, the dark regions have 
increased in size.  After 48 hours only a single device (EM01-2-D) remains in operation.  
All encapsulation schemes, at this point, show severe stress-induced buckling, which is 
the cause of the catastrophic failure.  The best results come from sample EM01-2, which 
shows the least sign of stress-induced buckling.  This is most likely due to the natural 




Figure 6-13: Lifetime images of sample set EM01. (a) EM01-1; (b) EM01-2; (c) EM01-3; (d) EM01-4 
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Figure 6-14: Sample set EM01 showing stress-induced buckling of encapsulation schemes after 48 hours in 
85 C/85% testing chamber 
Buckling in compressed thin films has been studied extensively and is understood as a 
mechanism of stress relief (54) (55) (56).  It has been shown that delamination of the 
films precedes buckling and the propagation of the delamination, spurred on by the 
buckling of the compressed film, depends on the intensity of the film’s residual stress, 
such that no propagation occurs unless the stress exceeds a critical value (55).  In 
addition, buckle initiation is increased by the presence of imperfections in the film 
surface (56).  As a result, the deposition methods used in the above trial, which is 
suspected to yield high concentrations of particulate contamination as well as highly 
compressed films, are conducive to the catastrophic film buckling as evidenced in Figure 
6-14.  From these trials, the need for low stress, clean deposition processes which 
produce few pinhole defects becomes clear. 
Stress-Mitigating Structures 
An ideal structure for controlling stress in thick multilayer stacks is one in which 
alternating tensile and compressive films are deposited.  The opposing nature of the 
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residual stresses (compressive and tensile) effectively cancel out in the stack leaving a 
stress-free encapsulation.  The realization of such a multilayer structures, however, is 
made difficult by the low-temperature deposition conditions of these encapsulation 
schemes, as shown in Equation (6-2).  Silicon dioxide is typically a compressive film (31) 
and, while silicon nitride films can be either compressive or tensile, depending on 
deposition conditions, films deposited at low temperature are typically compressive (-
300 – -900 MPa observed from trials).  These obstacles necessitate the development of 
alternative architectures to allow thick TFESs with low residual stress. 
Thin films of oxide and nitride at thicknesses of 4000Å, using the best recipes, reveal 
residual stresses of -41.9 MPa (compressive) and -90.2 MPa (compressive), respectively.  
However, a TFES comprised of six bilayers of 4000Å oxide / 4000Å nitride (12 layers 
total, 9.6 µm total thickness) shows a residual stress of only -100.3 MPa (compressive).  
The fact that the multilayer structure has a residual stress only slightly more 
compressive than the single silicon nitride layer despite being 24 times as thick and 
comprised only of compressive films suggests significant stress relaxation at the 
interfaces of the films. 
To take advantage of this, a graded film structure was developed to reduce stress 
buildup in thick multilayer structures.  It is expected that the increase number of 
interfaces in this structure will also provide a mechanism for stress relief, reducing the 
tendency of the TFES to buckle.  In addition, it is expected that this structure will reduce 
pinhole formation by providing a clean surface of thin alternating layers (500Å each) on 
which thicker layers of nitride and oxide can be deposited.  The structure: 4×{500Å 
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Nitride/500Å Oxide} / 4×{1000Å Nitride/1000Å Oxide} / 3×{2000Å Nitride/2000Å Oxide} 
was deposited on the OLED samples.  A chamber clean was performed before the 
deposition of the 2000Å layers. 
 
Figure 6-15: Images of sample EM02 as arrived and after 24 and 96 hours in an 85 C/85% testing chamber.  No 
devices turned on after 120 hours 
Figure 6-15 shows improved performance of the TFES as compared to the previous 
sample.  Devices are still operational after 96 hours in the 85 C/85% testing chamber.  
There are few dark spots at t=0 and those present do not expand at an appreciable rate.  
By hour 96, dark spot formation can be seen to mainly come from the sides of the 
device, with the exception of OLED –A.  Particulate contamination, however, continues 
to be a consistent problem as seen in dark-field micrographs of the OLED emitting 
surface before and after encapsulation.  In Figure 6-16, the image of the surface before 
processing exhibits significantly fewer particulate matter than the after image.  This 
particulate contamination, however, does not seem to affect the efficacy of the 
encapsulation scheme as this contamination does not lead to large dark spot growth as 











in the case of sample set EM01.  The extended lifetime of these devices can be 
attributed to the cleaner process accomplished in this run as well as the stress relief 
efforts used.  The catastrophic failure of the devices after 96 hours points to the need 
for further developments to reduce residual stress in the TFES. 
 
Figure 6-16: Dark-field images of the OLED emitting surface for EM02 showing significan particulate contaminatino 
after encapsulation 
Stress Relief and Particulate Control via Organic Films 
The use of organic thin films for encapsulation of OLEDs has been explored previously 
(57) (58).  While the water vapor and oxygen transmission rates for most organic films 
alone are well below what is required for commercial applications of OLEDs, the 
incorporation of organic films in to stacks of dense, inorganic encapsulation schemes is 
expected to enhance the barrier properties of TFES.  It has been shown that by using a 
top polymer coating over alternating layers of silicon oxide and silicon nitride, the WVTR 
can be decreased by over an order of magnitude (19).  This is attributed to the ability of 
the polymer top coat to seal in particulate matter, embedded in the multilayer stack, 
preventing the contaminant from becoming dislodged during device operation and 
leaving a hole in the encapsulation through which atmospheric oxygen and moisture can 
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diffuse.  The ability of the organic film to embed particulate matter rests on the 
conformal deposition process and low Young’s modulus typical of many organic films.  
Conformal deposition produces organic films which have maximum contact with 
particulate contamination.  A low Young’s modulus prevents cracking in the film due to 
local stresses around the contaminant. 
In addition, it has been noted above in equation (6-2), that the residual stress in the 
inorganic films is dependent on the difference in thermal expansion coefficients of the 
growing film and the material underneath.  For thin films grown on silicon substrates, it 
has been seen that tensile films are quite difficult to produce.  The inclusion of an 
organic film deposited between the underlying substrate and the inorganic thin films 
allows for the tailoring of the thermal expansion coefficient contrast, paving the way for 
low stress deposition. 
Parylene Deposition 
Parylene C, poly(monochloro-para-xylylene), is a uniquely appropriate organic material 
for this application.   The vapor phase deposition of parylene C produces conformal films 
with no shadow effect from particulate material without the use of harsh organic 
solvents.  It has a low Young’s modulus (<3 kPa) and a thermal expansion coefficient of 
3.5 10-5 (ºC)-1 (59). 
Parylene C, is a widely used as a conformal coating for printed circuit boards, passivation 
of semiconductor devices and a coating for biomedical devices.  Thin, 0.1 µm films of 
parylene C have been shown to reduce the transmission of oxygen to 7.2 (cm3 
(stp)·mil)/(100 in2/d·atm) (ASTM D 1434) at 25˚C and the transmission of moisture to 
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0.21 (g·mil/100 in2·d) (ASTM E 96) at 90% relative humidity and 37˚C (60).  The 
deposition of parylene proceeds from a vapor phase process and is shown in Figure 
6-17.  The solid dimer is vaporized at about 150˚C.  This gaseous phase is then heated to 
above 680˚C whereupon the dimer undergoes pyrolysis at the dimer splits at the 
methylene-methylene bonds.  The gaseous, stable monomer, monochloro-para-
xylylene, enters the room temperature chamber at a pressure of about 100mTorr.  At 
this pressure, the mean free path of is on the order of 0.1 cm.  The gaseous monomer 
adsorbs and polymerizes on any surface within the chamber.  Since polymerization 
occurs on any surface in contact with the gas, deposition is not limited by line-of-sight 
and complete conformal coverage can be achieved.  The temperature of the chamber 
never rises more than a few degrees above ambient during the deposition. 
 
Figure 6-17: Vapor phase deposition process for parylene C 
Following the parylene deposition, samples can be transported to other thin film tools 
for further encapsulation. 
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Organic Films in Encapsulation Schemes 
Sample EM03 was encapsulated with a single layer of parylene, 0.96 µm thick.  Figure 
6-18 shows the results of placing sample EM03 in an 85 C/85% testing chamber.  As 
expected, a single, thin film of parylene is insufficient as a barrier layer alone.  However, 
is can be seen that the deposition process and the polymerization of parylene on the 
OLED surface do not cause damage to the device and does provide some barrier against 
atmospheric oxygen and moisture. 
 
Figure 6-18: Images of sample EM03 as arrived and after 24 hours in an 85 C/85% testing chamber.  No devices 
turned on after 48 hours 
To further explore the barrier property gains to be won by particulate control, samples 
were encapsulated with combinations of PECVD nitride and oxide, sputtered nitride and 
oxide and parylene.  While the conformity of the sputtered layers is not as complete as 
PECVD films, sputtered films were used because of the process’ tendency not to 
produce particulate matter.  Using sputtered films as the initial barrier layers (closest to 
the devices) will ensure that a clean process is used on the layers closest to the device, 
which will mitigate the effects of particulate contamination from further processes.  










The next set of samples incorporates parylene in to the encapsulation scheme.  In 
addition, these films attempt to limit the deposition of particulate contamination in the 
early stages of the deposition process by including films deposited by sputtering.  Figure 
6-19 shows the schematics for the four substrates included in sample set EM04.  All 
sputtered and PECVD films are 2000Å thick.  PECVD films were deposited using the 
recipes described above.  Sputtered films were deposited at 700W with a 7×10-6 Torr 
base pressure and 7 mTorr Ar process gas.  Sample EM04-1 begins with alternating 
layers of oxide and nitride with the first two layers being deposited by sputtering and 
the next three bilayers deposited by PECVD.  A film of 1.35 µm parylene film is 
deposited and then the process is repeated.  Sample EM04-2 has only the sputtered 
layers and the two parylene films (1.35 µm thick, one midway through, one on top).  
Samples EM04-3 and -4 repeat the schemes of samples EM04-1 and -2, but with the 
mid-stack parylene film removed. 
 
Figure 6-19: Schematics for EM04 incorporating sputtered films and parylene 
Figures 6-20 through 6-23 show images of OLED sample EM04-1, -2, -3, and -4 in 
operation just after encapsulation and then after exposure to the 85 C/85% testing 
chamber (if the device survived).  OLED sample EM04-1 shows great promise since no 
buckling or dark spot formation can be observed for 168 hours in the 85 C/85% testing 
chamber.  Sample EM04-3 also shows promise, but it is clear that the additional 
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parylene layer in the first sample enhanced the barrier properties of the stack.  OLED 
samples EM04-2 and -4, on the other hand, did not last past 24 hours in the chamber.  
From the images, a few points can be made.  First, samples which incorporate both 
sputter-deposited and PECVD-deposited films performed better.  Both samples which 
included only 4 layers of sputtered films showed film cracking after exposure, which is 
the likely cause of the device failure.  This was the case regardless of having one or two 
layers of parylene as a stress relief layer.  Second, a second parylene layer in the middle 
of the encapsulation stack improves the performance of the TFES.  It is likely that the 
contaminants and defects which developed in the first stage of the encapsulation were 
largely subdued by the middle parylene layer in sample EM04-1.  In sample EM04-3, 
however, defects created in the first half of the deposition influence the deposition of 
the second half, thus propagating and resulting in a poorer quality film. 
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Figure 6-20: Images of OLED sample EM04-1 in operation after exposure to 85C/85% rel. humidity 
 
Figure 6-21: Images of OLED sample EM04-2 in operation.  The device did not light up after exposure to 85C/85% 
rel. humidity 














Figure 6-22: Images of OLED sample EM04-3 in operation after exposure to 85C/85% rel. humidity 
 
Figure 6-23: Images of OLED sample EM04-4 in operation.  The device did not light up after exposure to 85C/85% 
rel. humidit 
The use of parylene for particulate control seems a promising addition to the TFESs.  As 
a stress relief barrier, however, it is not as effective.  This is most likely due to the large 
difference in thermal expansion coefficient between the organic and inorganic layers.  
To overcome the stress-related issues in TFES, a tensile stress-relief film must be added 
to the process. 












Tensile Amorphous Carbon Films as Stress Relief 
Owing to the difficulty of producing tensile nitride or oxide films at low temperature, we 
explored the possibilities for a third inorganic film, one which exhibits tensile stress 
when at low temperature deposition.  For this, we sought to introduce amorphous 
carbon to the project.  In the initial stages of this project, the University of Michigan did 
not possess a tool capable of depositing amorphous carbon (a-C).  This deficiency has 
since been rectified with the commissioning of the Plasmatherm 790 PECVD tool, and 
the addition of a methane gas line.  However, much of the initial work with a-C films was 
performed in the Petit Microfabrication lab at Georgia Tech in Atlanta, GA.  The PECVD 
deposition equipment was an Astex ECR tool.  All films produced within the ECR were 
deposited at room temperature. 
Figure 6-24 demonstrates that tensile a-C films can be produced at low temperature by 
ECR PECVD.  The residual film stress increases with increasing chamber pressure.  
Likewise, the film etch rate in BHF increases with chamber pressure, indicating a 
decrease in film density.  This is supported by the decrease in the index of refraction 
with increasing chamber pressure, as shown in Figure 6-25.  Dense carbon films are 
characterized by high fractions of sp3 bonding.  High ion energy promotes the formation 
of sp3 bonds and, as a result, dense, hard films.  Lower deposition pressures increase the 
DC self bias and, consequently, the average energy of ions bombarding the growing film.   
Unfortunately, stress measurements were conducted at the University of Michigan after 
the encapsulation of OLED samples.  Thus, while it is clear that for tensile films, a 
chamber pressure of 50 mTorr should be used, the samples below were made with 
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recipes that used 20 mTorr.  Usually, high compressive stress is associated with high 
fractions of sp3 bonding within the film (22) (61).  Hence, the production of tensile films 
likely indicates a low fraction of sp3 bonding. 
 
Figure 6-24: Stress and etch rate vs. chamber pressure for amorphous carbon films produced by ECR at Georgia 
Tech. 
 
Figure 6-25: Refractive index vs. chamber pressure for amorphous carbon films produced by ECR at Georgia Tech 
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Table 6-4 shows the deposition conditions used to deposit amorphous nitride and 
amorphous oxide films using the ECR tool.  These recipes were adapted only moderately 
from the default recipes found preloaded in the tool software. 
 ECR Silicon Nitride ECR Silicon Oxide ECR Carbon 
SiH4 (sccm) 1 2  
C2H4   45 
N2O (sccm)  700  
N2 (sccm) 39 18  
He (sccm)    
Ar (sccm) 17.5  25 
Pressure (mTorr) 20 50 20 / 50* 
µWave (W) 300 600 800 
Deposition rate (Å/s) 3.10 10.83 10.01 
Index of Refraction 1.92 1.678 1.655 
Table 6-4: Recipes for silicon nitride and silicon oxide used in the ECR tool at Georgia Tech. *50 mTorr is the 
pressure which produces tensile films.  This was not known at the time the carbon samples were produced.  The 20 
mTorr recipe was used instead. 
To confirm the compatibility of the above processes with the OLED devices, OLED 
samples EM05-1 and -2 were encapsulated with a single 2000Å film of a-C and a bilayer 
of 2000Å a-C and 2000Å nitride, respectively.  Also, sample EM05-4 was encapsulated 
with 6 bilayers of 2000Å nitride/2000Å a-C.  In the latter samples, nitride was deposited 
first, directly atop the devices. Figure 6-26 (a) shows the results from encapsulation with 
a single carbon layer.  At t=0, there are a few dark spots forming.  After 24 hours in the 
85 C/85% testing chamber, the spots have grown considerably, indicating that carbon 
alone is not a sufficient barrier.  Beyond 24 hours, severe cracking in the film was 
observed over the entire area of the sample and the devices ceased to light up.  Figure 
6-26 (b) shows the results of encapsulation with the nitride/carbon bilayer.  This sample 
did not fare as well as the previous sample.  Images taken at t=0 show that the device 
does light up, thus the deposition process does not damage the device.  The observed 
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dark spots in these images are slightly larger than those of sample EM05-1, but some 
devices, like EM05-2-D show relatively few and small initial dark spots.  This sample, 
unlike EM05-1, did not light up after 24 hours in the 85 C/85% testing chamber and 
showed severe cracking and buckling, but only over the area where organic material has 
been deposited.  OLED sample EM05-4 met with the same fate. 
It was noted above, that tensile carbon films can be produced with a chamber pressure 
of 50 mTorr and that this fact was not known at the time of the sample encapsulation.  
Thus, OLED sample EM05-2 and -4 have multiple compressive films applied to them.  
The increased compressive stress is the most likely cause of the premature failure of this 
sample. 
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Figure 6-26: OLED sample set EM05 images taken upon arrival and after 24 hours in an 85 C/85% testing chamber.  
(a) EM05-1 encapsulated with 2000Å a-C; (b) EM05-2 encapsulated with 2000Å nitride/2000Å a-C; (c) EM05-4 
encapsulated with 6 bilayers of 2000Å nitride/2000Å a-C. 
The incorporation of oxide and parylene films in to the TFES did not improve the quality 
of the barrier films while compressive carbon films were used.  A number of samples 
were encapsulated with various combinations of oxide, nitride, carbon and parylene.  
OLED sample set EM06 is shown in Figure 6-27(a)-(d).  EM06-1 is encapsulated with 
{1000Å each of nitride/oxide/carbon} ×2 /2 µm parylene/{1000Å each of 
nitride/oxide/carbon} ×2 /2 µm parylene.  EM06-2 is encapsulated with {1000 Å each of 
nitride/carbon} ×3/2 µm parylene/{1000 Å each of nitride/carbon} ×3/2 µm parylene.  











each of nitride/oxide} ×3/2 µm parylene.  EM06-4 is encapsulated with 2 µm 
parylene/{1000Å each of nitride/oxide/carbon} ×4/2 µm parylene.  All samples in this 
sample set show moderate amounts of particulate contamination.  The high stress 
involved in the encapsulating films caused severe buckling after 24 hours in the 
85 C/85% testing chamber. 
 
Figure 6-27: OLED sample set EM06 at time = 0h.  No device lasted long enough for a second image. (a) EM06-1; (b) 
EM06-2; (c) EM06-3; (d) EM06-4. 
The necessity for tensile films to cancel out the compressive stress is clearly evident by 
the premature failure of these devices.  The incorporation of carbon films in to the TFES, 
despite the poor performance of devices encapsulated at Georgia Tech, is still a goal.  
However, before tensile carbon films using the 50 mTorr recipe described above could 
















be utilized, new facilities at the University of Michigan obviated the need to travel to the 
Georgia Tech cleanroom. 
Film Development in New Deposition Tool 
The availability of a new PECVD tool (Plasmatherm 790) at the University of Michigan 
allows for the deposition of oxide, nitride and amorphous carbon within the same 
chamber.  Similar to the GSI, the Plasmatherm is a capacitively coupled device.  The 
main difference is the ability of this tool to maintain lower deposition pressures and 
lower gas flow rates.  With less mass within the chamber during deposition, it is 
expected that the Plasmatherm can deposit at lower deposition rates and with less 
particulate contamination.  Lower deposition rates are desirable because they afford 
longer surface diffusion times for adsorbed reactive species.  This, in turn, promotes a 
more dense film as diffusing species have time to fill in microvoids and surface 
irregularities. 
The oxide, nitride and carbon processes developed for the GSI and Astex tools were 
adapted to the Plasmatherm.  For the oxide deposition, there was, again, little trouble 
finding a recipe which produced adequate films at low temperature and, again, little 
hope of making tensile films.   
Again, the low temperature deposition process impeded the development of tensile 
nitride films.  Figure 6-28 shows the dependence of film stress on chamber pressure.  
There is a tendency for films to become less compressively stressed at higher pressures.  
This trend could not be followed to higher pressures (and hopefully tensile films) as the 
higher pressures lead to unacceptable levels of particulate contamination.  At the other 
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end of the pressure range, stress measurement for low pressure depositions became 
impossible as the film uniformity decreased to unacceptable levels below 200 mTorr 
(stress calculated from measuring the strained wafer’s radius require uniform film 
coverage). 
Alternatively plotted, Figure 6-29 shows a clear relationship between residual stress and 
deposition power.  The films become less compressively stress, bordering on tensile, as 
the deposition RF power is decreased.  This is most likely due to low power processes 
favoring the formation of tri- and tetra-amino silane precursors over the direct reaction 
of silicon and nitrogen.  Tensile nitride films can be produced when NH3 groups are 
eliminated from the film as tri- and tetra-amino silane groups react.  Thus, the more 
tensile films suggest that molecular nitrogen plays a lesser role in low power 
depositions.  As such, the effective N:Si ratio decreases at lower power, altering the 
quality of the produced films and setting a lower limit on power.  
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Figure 6-28:Residual stress vs. chamber pressure for silicon nitride films grown in the Plasmatherm PECVD tool 
 
Figure 6-29: Residual stress vs. RF power for silicon nitride films grown in the PLasmatherm PECVD tool 
As a result of the compressive nature of these films, films produced in the Plasmatherm 
are subject to the same failure mechanism as seen in films deposited in the GSI and 
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Astex tools.  Figure 6-30 shows an SEM image (15KV) of a 1000Å film of silicon nitride 
deposited in the Plasmatherm on a silicon substrate.  The image reveals the effect of 
residual compressive stress on the quality of the film as there is clear evidence of both 
spalling and buckling.  Large (~100µm) holes appear in the film left behind by ejected 
segments of the film (a).  The ejected material has collected on the film surface, adding 
to the particulate contamination (b).  In addition, there are regions of the film which 
show evidence of buckling (c).  This image also reveals the effect that this failure 
mechanism has on the efficacy of barrier made with compressive films, as it is clear that 
the large, gaping holes will not provide an effective barrier against diffusion. 
 
Figure 6-30: Stress failure of compressed silicon nitride films showing the hole left from spalling (a), the ejected 
material remaining on the surface of the film (b), and buckling of the film (c). 
The index of refraction for nitride films remains relatively constant near 1.8 for most 
deposition conditions, as shown in Figure 6-31.  The invariance of the index of refraction 
over the range of RF power and chamber pressure suggests that index of refraction is 
dependent mainly on deposition temperature.  This suggests that lower density for 
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silicon nitride films deposited in the Plasmatherm is the effect of porosity resulting from 
retarded surface diffusion. 
 
Figure 6-31: Refractive index vs. chamber pressure for silicon nitride films grown in the Plasmatherm PECVD tool 
OLED Encapsulation with New Deposition Tool 
OLEDs using F8BT were fabricated in the manner described in Chapter 4.  Three samples 
were made: one with no encapsulation, one with a single 2.5µm film of parylene and the 
final with an encapsulation stack of 2.5 µm parylene/3 bilayers of {1000Å nitride/1000Å 
oxide} with the inorganic layers deposited in the Plasmatherm PECVD.  The lifetimes of 
the devices were measured at 10V in ambient air (25 C/ 45% rel. humid.) via the 
method described in Chapter 4.  The effective emission area 
( ) is plotted in Figure 6-32.  Images of the 
devices at approximately 80% emission are shown to the right.  It is clear that the use of 
encapsulation slows the growth of dark spot formation.  The use of parylene alone 
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increases the lifetime (defined in this context as the time required for the effective area 
to decay to 80%) by a factor of ~15.  Employing parylene plus three bilayers of inorganic 
nitride and oxide results in an increase of three orders of magnitude over the 
unencapsulated device.  In these trials, stress-induced buckling was not observed.  This 
is due to the samples not being placed in an 85 C/85% testing chamber, since stressed 
samples exposed to excessive heat and moisture will be subject to moisture-induced 
stress effects, leading to buckling and cracking at an accelerated rate. 
 
Figure 6-32: Left: Effective area of F8BT-based OLEDs with various encapsulation schemes as a function of 
operation time. The blue line represents 80% effective area.  Right: Images of OLEDs at 80% effective area, A = No 
encapsulation, B = Parylene, C = Parylene/{N/O}x3 
The plots show two regions of decay: a slow, almost stable region followed by a period 
of more rapid decay abruptly after a given time.  This may be due to the slow diffusion 
rate of atmospheric oxidants through the encapsulation films.  During this time period, 




































the reactive interface between is effectively protected from chemical degradation and 
mechanical failure. 
Zero-Stress Trilayer Stack 
Figure 6-33 shows the stress evolution of a tri-layer of 1000Å nitride, 1000Å oxide and 
1050Å amorphous carbon on silicon.  Both the nitride and oxide layers were 
compressively stressed after deposition, leading to a total residual stress of -81.0 MPa 
(compressive).  Tensile films of amorphous carbon were then deposited on the 
nitride/oxide bi-layer in 150Å increments.  Stress measurements were made between 
each deposition.  The red line, indicating the change in total film residual stress, shows a 
large positive change in stress resulting from the first two carbon films.  This may be due 
to surface realignment leading to the relief of built-up surface tension at the 
oxide/carbon interface.  As the carbon film grows, the bulk properties of the film begin 
to dominate and the stress evolution adopts a linear increase until the original 




Figure 6-33: Evolution of residual stress for tri-layer stack of 1000Å Nitride/1000Å Oxide/1050Å a-Carbon (Blue line) 
and the change in film stress from layer to layer (red line). 
 
Conclusions and Future Work 
The difficulty of producing stress-free conformal films in a low-temperature, particulate-
free deposition process is evident by the results presented here.  Even in the best cases, 
particulate contamination was a significant problem which led to premature failure of 
OLED devices when tested in the harsh conditions of an 85 C/85% testing chamber.  To 
be certain, some of the problem lies in the fact that the deposition tools used were not 
dedicated devices, whose chamber conditions are known and tightly regulated.  As a 
result of their multi-use designation, cleaning routines which proved effective at one 
point in the test runs was found to be unreliable when chamber conditions change.   
This is especially challenging for low temperature processes which tend to promote both 
particulate formation (by increasing the rate of energy-reducing aggregate formation) 
and higher compressive film stresses (due to mismatches in thermal coefficient of 
expansions between the substrate and encapsulant film).  These difficulties are not, 
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however, unconquerable.  Dark spot growth rates shown in Figure 6-32 show that 
encapsulation is effective in preventing the mechanical failure of OLED cathodes even if 
those encapsulation films suffer from the same defects as those shown in the Alq3-
based samples (OLED samples EM01 – EM06).  The harsh testing conditions of higher 
temperature and humidity expose the films’ weaknesses.  This gives hope to the 
endeavor insofar as the gap between the results presented here and the desired 
performance of encapsulation schemes is a matter of protocol and deposition 
conditions, but not of any fundamental error in conception. 
Future work should examine the conditions which prevent the deposition of tensile or 
zero-stress oxide and nitride films as well as explore the production of particulate 
contamination.  This may require equipment dedicated to the task of thin film 
encapsulation and (if this tool is plasma-based) able to generate sufficiently dense and 
energetic plasma, so to mitigate the problems exacerbated by the low-temperature 
requirement. 
In addition, the zero-stress trilayer stack should be applied to OLEDs and stressed in an 
85 C/85% testing chamber.  It is expected that conformal films with zero stress should 
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Chapter 7    
Dark Spot Growth Rate of Pulsed 
OLEDs 
Introduction 
To date, the most commonly used driving method for OLEDs has been DC – either 
current-controlled or voltage controlled.  AC or pulsed driving of OLEDs is of increasing 
interest for display and solid state applications (1).  Baigent et. al. showed that DC 
pulsing of OLEDs is a plausible means of sourcing OLEDs for commercial applications (2). 
They demonstrated in two-layer polymer OLEDs turn-on times of 3 s and that this time 
is dependent on the transit time of injected charge carriers.  In AC and pulsed operation, 
it is expected that device degradation will be mitigated.   
Pulsed driving affects a number of the deleterious factors which limit OLED lifetime.  
First, a pulsed driving method can mitigate the thermal degradation caused by high 
current densities (3).  Joule heating, which results from current passing through a 
resistive material, facilitates a number of thermal degradation modes including 
degradation of organic materials with low glass transition temperatures (such as 
commonly used hole transporting materials) and accelerated oxygen and moisture 
diffusion and reaction.  Second, mobile ionic impurities do not migrate as much under 
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pulsed operation.  Finally, excess hole injection is mitigated as the off-time in a pulse 
period allows for charges to diffuse away from the emission region. 
Factors that affect device lifetime under pulsed driving conditions are known to be 
complex.  For instance, Liu et. al observed a duty ratio dependence on the forming 
process, whereby mobile ions realign within the polymer bulk, lowering the resistance 
of the device, thereby increasing the current density (4).  The increase in recombinant 
charge carrier in the polymer results in an initial increase in device luminance, rather 
than a steady decrease.  They showed that a lower duty ratio increases the initial rise in 
luminance.  As this effect is increased, though, the luminance decays faster as operation 
time increases, resulting in a lifetime similar to devices with higher duty ratios. 
The forming effect notwithstanding, Tsujioka et. al. show that the lifetime of 
electroluminescent devices can be increased by driving the device with a low duty ratio 
and low mean current (5).  In their experiment they maintained a constant luminance of 
100 cd/m2.  A similar result was also reported by Li et. al. (6)  Similarly, Cusumano et. al. 
found that the lifetime of a Alq3-based device is 4 times longer when driven with a 50% 
duty cycle at 1kHz as opposed to a constant voltage (7).  Tsujioka et. al. attribute the 
extended lifetime of these devices to a lower field-induced orientation of the emissive 
molecules (8).  
Luo et. al. note, however, that this explanation cannot account for the observation that 
for low duty cycles (<10%) with high current density often show diminished lifetimes (9).  
They show that device stability depends on the relative EL efficiency in that higher 
efficiency leads to longer device lifetime.  Thus, driving methods which require high 
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current densities to maintain a constant luminance (such as pulsed methods with small 
duty ratios) result in an excess of one type of charge carrier, which in turn leads to low 
EL efficiency and shorter device lifetime.  Aziz et. al. were later able to demonstrate that 
a pulsed driving method which results in an Alq3-based device decreasing in luminance 
by only 10% after 600 hours of operation (10). 
The studies cited above measure the driving method’s effect on the total luminance of 
OLED devices.  The degradation observed in these devices originates from both internal 
degradation (factors which reduce the emission efficiency of the emissive material) and 
external degradation (factors which result from the operational environment).  Among 
the latter sources, dark spot formation has been identified as a major contributor to the 
degradation of devices (11).  To date, little research has been done on the effect of duty 
cycle on the growth of dark spots.  This may be because there has been a strong effort 
to reduce dark spot formation by use of encapsulation techniques (12).  However, as AC 
and pulsed driving becomes more commonplace in OLED applications, the necessity of 
investigating the effect of these driving methods on dark spot growth becomes clearer. 
The most immediate effect of varying the duty cycle of a driving scheme is the loss of 
luminance with decreasing on-time.  Figure 7-1 shows a clear decrease in luminance as 
the duty cycle is decreased for both a standard lamp (a) and an F8BT-based OLED (b). 
171 
 
Figure 7-1: Emission vs. Duty cycle for (a) standard lamp and (b) F8BT-based OLED 
Experimental 
PLEDs were fabricated with F8BT emissive layers as described in Chapter 4.  The devices 
were transferred to an environmentally controlled chamber in air and connected as 
shown in Figure 7-2.  To source the PLED, an HP 8114a pulse generator was used.  The 
deterioration of the OLED under bias necessitates the use of a buffered output from the 
pulse generator.  Since the impedance of the OLED can vary from 5 to 65kΩ as the 
device deteriorates, the division of voltage between the output of the pulse generator 
and the OLED changes.  To remedy this, a buffer amplifier with input impedance of 1k Ω 
was used.  The buffer amp is an operational amplifier with unity gain.  The advantage is 
that it has sufficiently low output impedance so that it acts as an ideal voltage source 
across the impedance range of the OLED.  It was observed that the amplitude of the 
applied pulses changed by only ~0.1V during the lifetime of a typical device. 
 The waveform of the applied bias and OLED luminance are collected by an oscilloscope.  
An Allied Vision CCD camera, mounted on a microscope, records images of the emissive 
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area at regular intervals.  The shutter length and gain are automatically adjusted to 
maintain consistent image brightness.  
 
Figure 7-2: Instrumentation schematic for pulsed lifetime measurements 
Relative humidity was kept between 21% and 23%for all measurements.  The devices 
were sourced with 10V pulses with a period of 20ms.  The duty cycle ranged from 5% to 
75%.  Images of the emissive regions of the OLEDs were processed as described in 
Chapter 4. 
A pulse width of 20 ms (50Hz) was chosen because it avoids possible pitfalls when the 
source timebase is set too low or too high.  The obvious effect of setting the pulse rate 
too low is an observable flicker which renders the device unsuitable for use as a light 
source.  When the pulse rate is too high, aside from impedance concerns, which are not 
addressed here, the shortened pulse width can limit the luminance of the device as the 
diminished on time becomes less than the natural rise time of the OLED.  Figure 7-3 
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shows the time-resolved luminance of an F8BT-based OLED pulsed at an amplitude of 
10V at frequencies of 50, 100 and 200 Hz.  The timescale of the plots have been 
normalized for easier comparison.  The left graph shows the result of a 90% duty cycle 
while the right graph shows the result of a 5% duty cycle.  The clearest indication of a 
limitation imposed by high frequency is seen in the 200Hz, 5% plot; wherein the device 
is not provided sufficient time to achieve full luminance.  This and similar frequency 
effects can be mitigated by developing materials with faster rise and fall times, whose 
electroluminance is better able to follow the applied voltage signal. 
 
Figure 7-3: Time-resolved luminance of OLED for 50, 100 and 200 Hz.  Left: 90% duty cycle. Right: 5% duty cycle.  
The timescale of the plots has been scaled so that the different frequencies can be compared. 
Results and Discussion 
Figure 7-4 shows the emissive area of F8BT-based OLEDs as a function of time.  There is 
a clear dependence of dark spot growth rate on the driving pulse duty cycle.  As the on-



























time of the OLED is decreased, dark spot growth is inhibited. The inset of Figure 7-4 
shows the time for the device to reach 50% of its original emissive area as a function of 
duty cycle.   
 
Figure 7-4: Emissive area of OLEDs driven by DC pulses with magnitude 10V, period 20ms and varying duty cycles. 
This is in conflict with the results of McElvain et. al. (13) who found that the rate of 
growth of dark spots was a field-independent process.  Their conclusion was based on 
the observation that after 40 hours of exposure to the same atmospheric conditions, the 
non-emissive areas of two devices, one stressed at 4.5V and one unstressed, were the 
same.  The devices used in these trials were Alq3-based with Mg/Ag cathodes.  These 
devices have a lower turn-on voltage and higher emission efficiency than that of devices 
made with F8BT.  In the devices reported by McElvain, the initial current density at 4.5V 



















































was 3-5 mA/cm2.  The low voltage and current requirements for such efficient devices is 
most likely the cause of the apparent insensitivity of dark spot growth the applied field.   
Such advantageous and admirable performance properties are not, however, an asset of 
F8BT devices.  As Figure 7-5 shows, at 10VDC, an F8BT-based OLED initially draws about 
50 mA/cm2.  Under constant voltage, this current density decreases as the device 
resistance increases linearly to almost 65 kΩ. 
 
Figure 7-5: Electrical stability of F8BT-based OLED under 10VDC bias.   Left axis shows device resistance, right axis 
shows current density. 
The lower emission efficiency of polymer-based devices, as compared to Alq3-based 
devices, requires that a higher current density be provided to produce the same 
luminance as similar small-molecule devices.  Thus, field-dependent growth of non-
emissive regions is greatly pronounced in polymer-based devices, whereas the 
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observance of this dependence in Alq3 devices may be swamped by this effect’s 
dependence on atmospheric humidity. 
Combination of Pulsed Driving Scheme and Thin Film Encapsulation 
After observing the decrease in dark spot growth rate from the application of both thin 
film encapsulation and pulsed driving, the obvious next step is to combine the two in 
order to further protect the cathode from deterioration.   
An F8BT-based OLED was fabricated using the typical method.  The device was 
encapsulated with twelve layers of alternating a-H:SiNx and a-H:SiOx, each layer being 
1000Å.  The inorganic layers were deposited by PECVD using the best recipes from 
Chapter 6.  The final layer was a 2μm thick layer of Parylene.  The encapsulated device 
was transferred to the lifetime measurement chamber and sourced with 10V at 50Hz 
with a 50% duty cycle.  Figure 7-6 shows the results for this OLED after 700 hours.  The 
fraction of the emissive area for an unencapsulated OLED driven at 10V, 50Hz and 50% 
duty cycle as well as a 10VDC-diven OLED encapsulated with 2.5μm of parylene followed 
by twelve layers of alternating 1000Å, PECVD-deposited a-H:SiNx and a-H:SiOx are also 
plotted for comparison. 
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Figure 7-6: Fraction of emissive area vs. operating time in voltage for an OLED encapsulated with 2.5μm of parylene 
followed by twelve layers of alternating 1000Å, PECVD-deposited a-H:SiNx and a-H:SiOx and driven with 10VDC 
(green triangles), an OLED unencapsulated and driven with 10V pulses at 50Hz and 50% duty cycle (red circles) and 
an OLED encapsulated with twelve layers of alternating 1000Å, PECVD-deposited a-H:SiNx and a-H:SiOx and driven 
with 10V pulses at 50Hz and 50% duty cycle (black squares). 
After 1000 hours, the effective area of the pulsed, encapsulated device has decreased to 
only 79% of the original emissive area.  The DC-driven, encapsulated device reached this 
point after only 350 hours while the pulsed, unencapsulated device took only five hours 
to reach 80% area.  Clearly, the combination of encapsulation and a pulsed driving 
scheme is an effective means of slowing the growth of non-emissive regions in OLEDs. 
Conclusions and Future Work 
As evidenced by the disparity between these results and those of McElvain et. al., the 
role of current density on the oxidation of reactive cathode metals is an important one.  
The instrumentation described above does not have the capacity to measure sourced 
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current, as the addition of a resistive element in series with the unstable OLED would 
lead to uncertainties as the device resistance changes, altering the division of voltage.   
Replacing the pulsed voltage source with a pulsed current source would allow for the 
proper control of charge carriers crossing the metal/organic interface.  This would allow 
for a more complete description of the relationship between the electrochemical 
activity of the cathode with the overall OLED stability. 
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Chapter 8  
Conclusions and Future Work 
White Light Generation and Förster Blends 
While many color mixing techniques have been developed and explored, emissive 
blends utilizing Förster transfer remains one of the most studied and used means of 
generating white light.  With the wide use of Förster blends, researchers have a greater 
need for methods which probe the mechanics of energy transfer and intermolecular 
interactions.  Among the most important metrics in these systems is the efficiency of 
energy transfer.  In the chapter detailing white emission from blends of polymers 
(Chapter 5), I have shown an effective means of characterizing the efficiency using 
spectroscopic methods.  Using this method, I have shown that there is a compelling 
reason to employ Förster transfer as a means of color mixing as it shows a consistent 10-
13% increase in efficiency over the trivial color mixing technique of placing two emitters 
in close proximity. 
To be sure, some of the most efficient emission systems utilize a blend of a donor host 
polymer doped with small molecule acceptors.  Never-the-less, a polymer-polymer 
donor-acceptor system is an effective vehicle for the development of this measurement 
procedure.  The Förster efficiency procedure combines two techniques to arrive at a 
conclusive value for Förster transfer efficiency: an absolute photoluminescence 
181 
quantum efficiency method by spectroscopic measurement (detailed in Chapter 3) and a 
method of decomposing the blend spectra in to constituent Gaussian peaks in order to 
reconstruct the donor emission (detailed in Chapter 5). 
In addition to the measurement procedure, Chapter 3 also discusses the systematic and 
measurement error incurred from a spectroscopic procedure.  This error is carried 
through to the Förster efficiency measurement.  As seen in Chapter 3, there is 
considerable error associated with any measurement which makes use of excitation 
light near or below 400nm.  This is in part due to the low responsivity of the detection 
system at low wavelength and in part due to the low luminance of the calibration lamp 
in that spectral region.   
Future Work: In order to minimize these measurement errors, prevent their 
propagation in to Förster efficiency measurements and ensure greater clarity and 
certainty in Förster efficiency, the tooling of the spectroscopic measurement system 
should be closely examined to ensure that the low wavelength spectral range is 
measured accurately and precisely.  Certainly, a detector designed for the spectral range 
below 400nm is an appropriate addition to the tool.  In addition, it may be necessary to 
amend the calibration procedure to include either an additional low wavelength step, or 
to make use of a calibration lamp with appreciable luminance in the spectral region of 
interest. 
An additional source of error in Förster transfer efficiency measurements is the method 
of decomposition of the blend spectra in to constituent Gaussian peaks.  This is done by 
iterative fitting routines built in to plotting and statistical software, such as OriginLab’s 
182 
Origin 7.0.  the quality of the fit is largely determined by the initial choices of peak 
position, number, width and height, which are inputted by the user.  Clearly this is a 
source of error in the fitting as a capricious choice of initial parameters can change the 
details of the finial fitting.  As of now, there is no systematic means of characterizing the 
error associated with this fitting step and, as such, error can not be traced to the final 
determination of Förster transfer efficiency.   
Future Work:  The error associated with the fitting of Gaussian peaks to blend spectra 
should be systematically characterized so to extend the uncertainty analysis through to 
the final stages of Förster transfer efficiency measurement. 
It should also be noted, that the observed rise in efficiency in Förster blends over the 
trivial case of multiple emitters was done for the case photoluminescence.  It is assumed 
that such a rise in efficiency will be observed in the case of electroluminescence, but no 
measurements of this nature were made.  It is entirely possible envision analogous 
measurement procedure for Förster transfer efficiency which uses electroluminescent 
quantum efficiency and spectra in lieu of photoluminescent quantum efficiency and 
spectra.  Unfortunately, the tooling which allows absolute photoluminescent quantum 
efficiency measurements is not sufficient to also measure electroluminescent quantum 
efficiency. 
Future Work: Following the work described in Chhapter 3, an absolute 
electroluminescent quantum efficiency procedure using spectroscopic methods should 
be developed and the systematic error characterized.  Since the technique for 
decomposing spectra in to constituent Gaussian peaks should be the same from 
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photoluminescent to electroluminescent spectra, this quantum efficiency method 
should be sufficient for extending the Förster transfer efficiency procedure to 
electrically stimulated thin films of blended polymers. 
Packaging by Thin Film Encapsulation 
As OLEDs move closer and closer to ubiquitous commercial devices, the urgency of 
effective encapsulation rises to a matter of upmost concern.  Rapid degradation of 
organic devices by atmospheric oxidants can quickly quell consumer demand for organic 
lighting and displays.  Thus, as OLEDs enter in to the commercial space, the issues and 
difficulties of encapsulation gain more attention from researchers. 
The motivation for developing thin film encapsulation techniques, as opposed to rigid 
glass or metal cap methods, arises from the trend in OLED design of making thinner and 
lighter devices, as well as a desire for inexpensive, high quality material deposition.  
However, the results of my packaging work, detailed in Chapter 6, reveal that the 
technical obstacles for producing thin film encapsulation schemes which are 
commensurate with the organic devices are neither straightforward, nor close to being 
resolved. 
Primary among the difficulties faced in these studies were particulate formation and 
residual compressive stress.  In the former case, while it is conceivable that by an 
intelligent choice of deposition conditions, a particulate-free procedure may be found, I 
believe this is a highly unlikely scenario if the study is confined to the PECVD tools 
available at the University of Michigan during the time of this study.  The PECVD tools 
suffer from two main issues.  The first is that they are not dedicated tools.  The 
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conditions of the deposition chamber are of critical importance to the quality of the 
films produced within them.  In order to ensure consistent results without the possibility 
of unexpected chemical reaction which lead to particulate formation, the material 
deposited within the chamber must be limited to the encapsulant material only.  This is 
simply not possible in a shared facility with hundreds of users requiring a wide array of 
deposited materials.  Indeed, I believe that it is unwise for a research institution, such as 
the University of Michigan, to address the issue of particulate contamination in 
encapsulation fabrication, as this is very clearly a tool-determined process and is better 
left to industry researchers with a clear financial motivation for developing a clean 
deposition procedure, unique to their own deposition requirement. 
The latter issue of residual compressive stress is, I believe, more suited to a research 
institution as the results and ideas are more easily generalizable.  The results shown in 
Chapter 6 clearly show that low temperature deposition strongly favors compressively 
stressed amorphous silicon oxide and amorphous silicon nitride films.  Environmental 
stress measurements at elevated temperature and humidity show that encapsulation 
suffering from high compressive residual stress will catastrophically fail, clearly an 
unacceptable result for commercial applications. 
I employed a number of methods to, first, mitigate the stress (additional interfacial 
layers, low modulus organic films, etc.) and, then, to try and eliminate the stress 
altogether (zero-stress stacks of alternating layers).  While I was able to show some 
success in extending the lifetime of compressively stressed encapsulation schemes, the 
superior solution would completely eliminate the residual stress.  The results in Chapter 
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6 show that a zero-stress encapsulation stack is possible on a silicon substrate, but that 
applying such an encapsulation scheme to an actual OLED is rife with additional 
difficulties, the natures of which are, at present, unknown. 
Future Work: Zero-stress encapsulation schemes for OLEDs are a critical step for the 
success of thin-film encapsulation of OLEDs.  As such, the issues which prevented the 
successful encapsulation of an OLED with the zero-stress stack must be identified, 
explored and overcome.  From my studies, some clear starting points for this research 
have emerged: 
 Difference in thermal coefficient of expansion between organic and thin film.  This is 
an important factor which determines the ultimate residual stress of the 
encapsulant film. 
 Adhesion of thin film to substrate.  Poor adhesion of the encapsulation to the 
organic, metal or substrate surface can lead to buckling and catastrophic failure of 
the encapsulation. 
 Difference in surface properties on the device.  Patterning of the organic and metal 
layers creates a situation where the surface of the organic device is a mosaic of 
different materials.  Since the properties (namely those mentioned above) vary from 
material to material, optimizing the encapsulation scheme for one material may lead 
to exacerbated stress effects on another region of the device.  Techniques for 
avoiding this problem must be developed. 
In addition, it would be advantageous for future researchers to investigate the 
possibility of applying other thin film deposition techniques, such as Atomic Layer 
186 
Deposition, to the task of device encapsulation.  It is likely that a deposition technique 
which is able to cleanly deposit low stress films will yield greater success in this 
endeavor. 
Finally, there is a considerable body of work devoted to the subject of environmentally 
assisted fracture and cracking.  Studies in this field focus on the effect of morphological 
changes, spurred by exposure to atmospheric oxidants, on the buildup of stress, the 
propagation of cracks and the premature failure in polymers, metals and ceramics.  This 
is a similar subject to that of cathode delamination, which is also initiated and 
exacerbated by exposure to atmospheric oxidants.  While it is beyond the scope of this 
thesis, which take a blunt-instrument approach to the prevention of cathode 
delamination, to explore the detailed failure of the cathode layer through the auspices 
of environmentally assisted fracture, it may prove fruitful for future studies interested in 
this phenomenon. 
Pulsed Driving Methods 
Dark, non-emissive region growth is a major failure mode in OLEDs.  As the non-emissive 
regions increase in size, the total luminance of the OLED decreases as well.  Dark spot 
formation and growth is a ubiquitous phenomenon, noticed by many researchers.  The 
immediate cause of dark spot formation and growth has been identified in the literature 
as delamination of the metallic cathode from the organic layers underneath.  Details of 
this process can be found in Chapter 7.   
It has been suggested that this delamination process is entirely independent of the 
applied field and dependent solely on the atmospheric conditions – relative humidity 
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and partial pressure of oxygen in particular.  The results shown in Chapter 7 clearly show 
that there is, indeed, a dependence of the dark spot growth rate on the applied field, 
since the growth rate varies as the duty cycle of the applied pulse changes.  The value of 
such a conclusion is seen in the nearly two orders of magnitude increase in OLED 
lifetime (as measured by dark spot area) as the duty cycle is decreased from 100% (DC 
sourced) to 5%.  Indeed, combination of pulsing at 50% duty cycle and thin film 
encapsulation produced a device which, after nearly 1000 hours in ambient conditions, 
had only 21% of the emission area consumed by dark regions. 
The lifetime measurements reported in these studies, as well as some of the packaging 
studies, were made with a custom-built tool for inspecting the device during operation.  
The design of this tool allows the researcher to source the OLED with a constant-voltage 
DC pulse train.  Of course, the amplitude of the pulse train is not the only parameter of 
concern in these studies.  Other metrics, such as current and luminance, are important 
to these studies and could be used as control points for the lifetime experiments.  In 
other words, constant-voltage sourcing is but one of several possible schemes which 
also include constant-current and constant-luminance.  Unfortunately, the lifetime 
measurement tool used for the studies in Chapter 6 cannot maintain either constant 
current or constant luminance.  These other control schemes offer a lot of insight in to 
the decay mechanisms of OLEDs and are, in fact, used with greater frequency than 
constant-voltage in the literature.  Constant-voltage is, in reality, an unlikely control 
scheme for commercial devices since the voltage will need to be adjusted to 
compensate for decreases in device luminance over time. 
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Future Work:  The lifetime measurement tool should be updated to allow measurement 
by constant-voltage, constant-current and constant-luminance control.  While the 
constant-voltage control scheme is the default (and only) scheme, it is lacking in the 
ability to measure the applied current.  This is a more difficult task than originally 
envisioned.  Generally, a resistor of known resistance can be placed in series with the 
device under test and the voltage across that device would give an accurate measure of 
the current through the OLED.  However, since the resistance of the OLED device 
changes over time, the voltage divider formed by the OLED and resistor will change, 
counter to the design of a constant-voltage control.  A large passive resistor would 
reduce the voltage swing as the OLED ages, but the loading would require a very high 
voltage from the pulse generator to produce an appreciable signal across the OLED. 
Of the latter two functions to be added, constant-current should pose the least 
difficulty.  To achieve a constant-current control mechanism, the pulse generator 
currently in use can either be replaced with a pulsed current source, or outfitted with a 
current source circuit which converts the voltage input in to a current pulse.  Such a 
current source would need to simultaneously measure the applied voltage so to 
accurately record the conditions of the OLED. 
The constant-luminance control scheme is, perhaps, the most involved since luminance 
is a result of the applied driving scheme.  A future implementation of this type of device 
would need to incorporate a feedback loop and controlling software which would adjust 
the applied current pulse and/or duty cycle to maintain constant luminance from the 
OLED.  In any control scheme, the appropriate communications between this device and 
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a computerized control program should be realized to record voltage, current, 
luminance as well as continue to collect device images. 
 
